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Deep brain stimulation (DBS) is an established treatment approved by Food and Drug 
Administration for medication-refractory neurodegenerative and neuropsychiatric 
disorders such as Parkinson’s disease, Essential Tremor and refractory Obsessive 
Compulsive Disorder. In this operation, activities of target neurons located deep in 
brain is chronically stimulated by programmed electrical signals sent from electrode 
contacts on a 1.27 mm diameter DBS lead which is implanted deep in the brain. 
Despite its effectiveness, DBS is not widely accepted by candidate patients. Safety 
issue and unsatisfactory stimulation efficacy are two main reasons for this problem. 
Concern over the safety issue is mainly due to the tissue damage caused by insertion of 
a thick electrode into brain and opening a large burr hole on skull for electrode 
insertion. Unsatisfactory stimulation efficacy is mainly caused by the poor targeting 
accuracy, which is about 2-3 mm for conventional electrode implantation operation. 
Misplaced electrodes will leave target neurons insufficiently stimulated and 
neighboring non-target neurons un-necessarily affected, leading to unsatisfactory 
stimulation efficacy and side-effects. Due to these problems, DBS is not widely 
accepted, and most patients with refractory neurodegenerative or neuropsychiatric 
disorders are not effectively untreated, causing great burden to the society. This 
problem is increasingly serious with the advent of aged society in many countries 
around the world. 
Main aim of this thesis is to develop a minimally invasive and high precision electrode 
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insertion method to help provide a safer DBS treatment of higher efficacy for patients. 
In order to realize this aim, two core techniques have been developed in this thesis, 
that is, the deflection-free microelectrode insertion technique and the technique of 
ultrasonic vibration assisted micro-hole forming on skull. It was found that by 
controlling the rotational speed, a conically tipped microelectrode can be inserted deep 
into brain without deflection, which has been experimentally verified. With the 
rotational insertion technique, a target located deep in the brain can be precisely 
reached and stimulated by a microelectrode. To assist the insertion of a microelectrode 
into brain, a technique for micro-hole forming on skull has been developed. With this 
technique, a micro-burr hole with a diameter of 300μm was formed on skull, which is 
the first in the world. The micro-hole forming technique can help make the DBS 
operation minimally invasive. 
A natural crystallization of these techniques is a numerically controlled microelectrode 
insertion operation for precise and minimally invasive deep brain stimulation. A 
prototype system was established to demonstrate how to realize high-precision and 
minimally invasive microelectrode insertion. Utilization of a microelectrode and 
micro-hole opening on skull greatly reduce the tissue damage, making DBS operation 
less invasive and safer. Deflection-free microelectrode insertion will have target 
neurons precisely stimulated, leading to higher stimulation efficacy.   
Compared with the conventional DBS electrode insertion operations, the minimally 
invasive and high-precision microelectrode insertion operation developed in this thesis 
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is less invasive from the perspective of tissue damage and more precise from the 
perspective of targeting accuracy of electrode implantation. By transforming the DBS 
operation into a safer treatment of higher efficacy, the pioneering work presented in 
this thesis will make DBS better accepted by patients. This study presented in this 
thesis is very meaningful in that with the advent of aged society, economic burdens 
caused by these refractory brain disorders are increasingly enormous, and the 
minimally invasive and precise DBS developed in this thesis will be an effective 
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Chapter 1. Introduction 
1.1 Background 
Medication refractory neurodegenerative disorders such as Parkinson’s disease or 
dementia are caused by malfunction of the central nervous system [1, 2]. These 
diseases are conventionally treated by ablating subcortical structures responsible for 
the malfunction [3]. This ablation treatment is destructive and can only be used as the 
last resort. Most patients with these diseases are not effectively treated, incurring 
enormous economic burden to patient’s family and the society [4, 5]. In order to 
provide an effective treatment, various neuromodulation techniques have been 
developed such as electroconvulsive therapy (ECT) [6], repetitive transcranial 
magnetic stimulation (rTMS) [7] and deep brain stimulation (DBS) [8]. Among these 
methods, ECT is blamed for memory impairment which could be caused by general 
anaesthesia, and rTMS is not capable of stimulating structures seated in deep brain. 
DBS can accurately modulate neural activities of deep brain structures, and has been 
accepted as an established treatment for many refractory neurodegenerative disorders.  
The practice of DBS emerged after the introduction of human stereotaxy in 1950s [9]. 
Its effectiveness in treating neurodegenerative disorders was firstly verified by 
Benabid and his colleagues’ pioneering work published in 1987, which is thought to 
inaugurate the modern era of DBS [3]. Due to the accumulated clinical evidence of 
DBS’s effectiveness, DBS was approved by Food and Drug Administration (FDA) for 
the treatment of essential tremor and Parkinson’s disease in 1997 and 2002, 
respectively [2]. Because of its evident clinical effectiveness and non-ablative nature, 
DBS is now being attempted for many neuropsychiatric disorders such as refractory 
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depression and addiction [10-12]. 
In deep brain stimulation, symptoms of medication refractory disorders are suppressed 
by modulating the activities of target neurons via electrical pulses sent from an 
electrode implanted deep in the brain as illustrated in Fig. 1.1(a) (this picture was 
prepared based on the raw material from Medtronic, Inc.) [13]. Effective stimulation of 
target neurons depends on accurate implantation of the DBS lead (Mode 3387/3389, 
Medtronic, Inc., US) into brain [14, 15]. The misplaced electrode would have target 
neurons insufficiently stimulated and the surrounding non-target neurons unnecessarily 
affected, from which unsatisfactory stimulation and side-effects would be resulted.  
 
Fig. 1.1 (a) Illustration of a typical DBS system with implanted depth electrode in the 
brain (from Medtronic, Inc.); (b) a frame-based stereotactic system used for 
implantation of the DBS lead/electrode [16]. 
 
Electrode implantation is performed with the assistance of a stereotactic system as 
shown in Fig. 1.1(b) which has a great influence on targeting accuracy of electrode 
implantation. Stereotactic systems employed for depth electrode implantation in the 
modern era of DBS can be generally grouped into three different categories based on 
their configuration, the frame-based, the frame-less and the intraoperative magnetic 




Leksell system (Elekta Instruments, Stockholm, Sweden) [17-19], the 
Zamorano-Dujovny system (ZD, Stryker-Leibinger, Freiburg, Germany) [20], the 
Riechert-Mundinger system [15], the Cosman-Roberts-Wells system (CRW, Radionics, 
Burlington, MA, USA) [21-23], and the Neuromate robot [24]. The frameless systems 
include NexFrame (Image-Guided Neurologics, Melbourne, Fla.,USA) [25-27] and 
STarFix microTargeting Platform (FHC Inc., Bowdoin, Me.,USA) [28-30]. The iMRI 
guided system means the SmartFrame [31]. 
1.2 Motivation  
Despite the great development in stereotactic systems, the contemporary DBS 
operation is still lowly accepted. According to a survey, only about 10% of candidate 
patients would like to consider DBS for the treatment [32]. Detailed discussion of 
contemporary DBS operation will be presented in Chapter 2. In the following, two 
main reasons for this problem will be briefly explained. 
First, depth electrode implantation in contemporary DBS operation is invasive. The 
DBS lead with electrode contacts used for stimulation has a diameter of 1.27 mm. 
Insertion of this DBS lead is generally carried out with the assistance of a 2.1 mm 
diameter cannula [33, 34], and insertion of a thick DBS lead with the cannula would 
result in serious tissue damage and even causes hemorrhage and death [35-37]. 
Invasiveness is also caused by the burr hole opening operation which is used for 
making an entrance on skull for electrode implantation. A burr hole with a diameter of 
5-10 mm (even up to 15 mm) is generally drilled on skull [38, 39]. Due to the invasive 
electrode insertion and burr hole opening operations, the DBS treatment would appear 
dangerous to patients, making this treatment lowly accepted by patients.  
4 
 
Another main problem with contemporary DBS operation is the low targeting accuracy 
of electrode implantation. The efficacy of DBS treatment depends on effective 
stimulation of target neurons, which in turn depends on accurate implantation of the 
DBS electrode into the target in brain. According to the systematic literature review on 
clinical reports published from 2001 to 2015 (which will be presented in Chapter 2), 
average targeting error of the electrode implantation in DBS is about 2-3 mm and is 
decreasing toward 1 mm [18, 24, 31, 40]. Due to this large targeting error, the 
implanted electrode would be misplaced from the target neurons. Misplaced 
electrode(s) will have target neurons insufficiently stimulated and neighboring 
non-target neurons un-necessarily affected, from which unsatisfactory stimulation 
efficacy and side-effects would be resulted. Besides, contemporary DBS treatment is 
very expensive. Five-year expected cost for successful DBS treatment is estimated to 
be about $175,216 [41], making this treatment not affordable be many patients.  
 
Fig. 1.2 Main problems with conventional DBS electrode implantation operations. 
 
Main problems with the contemporary DBS treatment are summarized in Fig. 1.2. A 
natural result of these problems is the low receptivity to DBS by candidate patients 
[32]. Low acceptance of DBS leaves many patients with medication refractory 
neurodegenerative diseases un-effectively treated. Tremendous economic burden is 
then incurred. According to a study on the cost of brain disorders in Europe published 
in 2012, OCD (obsessive compulsive disorder) incurs a direct health care cost of 1,617 
million Euro, dementia would consume a total cost of 105,163 million Euro and 
Parkinson’s disease would cost about 13,933 million Euro [42]. With the advent of 
5 
 
aged society in many countries around the world, this problem becomes increasingly 
serious.  
To deal with the enormous burden caused by these medication-refractory disorders, a 
safer DBS treatment of higher efficacy is urgently needed. In order to transform 
conventional DBS into a safer treatment, a minimally invasive operation is desired. In 
order to increase the stimulation efficacy, targeting accuracy of the electrode 
implantation should be improved. Direct insertion of a microelectrode into deep brain 
without the supporting cannula can greatly reduce the tissue damage caused by 
electrode insertion. However, direct insertion of a long microelectrode deep into brain 
is prone to deflection and bending. Deflection/bending-free insertion of a 
microelectrode deep into brain is extremely challenging, and has not been realized. A 
novel method is thus desired to realize this aim.  
Invasiveness and low targeting accuracy is also related to burr hole opening operation. 
Conventionally, a large burr hole with a diameter of up to 15 mm is drilled on skull. 
Besides the tissue damage caused by this operation, a larger burr hole leads to serious 
leakage of cerebrospinal fluid (CSF) which is a colorless fluid circulating around brain. 
Due to CSF leakage, brain would shift inside skull and target neurons will no longer 
stay at the same position as preoperatively determined, from which targeting error 
would be resulted. In order to reduce the invasiveness and targeting error caused by 
CSF leakage, micro-burr hole opening on skull is desired. However, micro-burr hole 
opening is hard to realize by conventional techniques such as drilling or grinding due 
to the low stiffness of a micro-tool. A new technique is therefore needed for generating 
a micro-burr hole on skull. 
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1.3 Research objective 
This thesis aims at developing a novel minimally invasive electrode insertion method 
of high targeting accuracy in order to provide a safer DBS treatment of higher efficacy. 
The specific objectives are:  
(1) Development of a novel technique for deflection-free insertion of a microelectrode 
deep into brain for sensing or stimulation. 
(2) Development of a technique for micro-burr hole generation on skull to assist the 
insertion of a microelectrode into brain.  
(3) Develop a pioneering DBS operation for high-precision and minimally invasive 
microelectrode insertion, and construct a prototype system to demonstrate how to 
realize this operation. 
The effectiveness of developed techniques will be verified via in-vitro or phantom 
experiment. In vivo investigation of these techniques is out of the scope of current 
study. In the future, the performance of these techniques and the developed prototype 




1.4 Thesis outline 
Chapter 1 presents a brief introduction of the research to be presented in this thesis. 
Background information is briefly introduced to help readers understand the landscape 
of conventional DBS and appreciate the research to be presented in this thesis.  
Chapter 2 presents a review of DBS, including what is DBS, DBS’s history, its clinical 
applications and procedures for DBS electrode implantation. A systematic literature 
study is presented in this chapter by investigating clinical reports on targeting accuracy 
of DBS published in the database PubMed since 2001. This literature study can help 
readers get a deep understanding of the contemporary DBS operation and the 
significance of the work to be presented in the following chapters. A review paper 
“Review on factors affecting targeting accuracy of deep brain stimulation electrode 
implantation between 2001 and 2015” prepared based on the study in this chapter has 
been accepted for publication in Stereotactic and Functional Neurosurgery.  
Chapter 3 presents a technique for deflection-free insertion of a microelectrode into 
deep brain. The developed rotational insertion technique can help realize 
deflection-free insertion of a microelectrode into brain. A mechanics-based model was 
developed to investigate rotation’s effect on bending/deflection of a microelectrode, 
and this technique was verified effective via experiment on phantom brain tissue. The 
technique was presented in the American Academy of Neurology 2014 Annual 
Meeting, and a paper “A novel rotational insertion method for deflection-free delivery 
of a microelectrode into deep brain” has been published in Material Science Forum. 
Chapter 4 presents the development of a novel ultrasonic vibration assisted micro-hole 
forming technique. This technique is capable of generating a micro-hole on the hard 
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skull bone. A pilot study on the effectiveness of this technique was presented in this 
chapter. This chapter is prepared based on the published journal paper “Zhe Li, 
Daoguo Yang*, Weidong Hao, Song Wu, Yan Ye, Zhidan Chen, and Xiaoping Li*. 
Ultrasonic vibration-assisted micro-hole forming on skull. Journal of Engineering 
Manufacture, 2015: 0954405415611363.” 
Chapter 5 focuses on a parametric study of the ultrasonic vibration assisted micro-hole 
forming technique which has been developed in Chapter 4. Aim of the study presented 
in this chapter is to optimize the processing parameters in order to accurately generate 
a micro-burr hole of high quality. In the burr hole forming process, tip geometry of the 
ultrasonic tool and vibration amplitude are two most important factors. Their effects on 
hole quality and dimensional accuracy are discussed in this chapter. This chapter is 
prepared based on the published journal paper “Zhe Li, Daoguo Yang*, Weidong Hao, 
Tiecheng Wu, Song Wu, and Xiaoping Li*. A novel technique for micro-hole forming 
on skull with the assistance of ultrasonic vibration. Journal of the mechanical behavior 
of biomedical materials, 2016, 57: 1-13.” 
Chapter 6 presents the concept of a minimally invasive and high-precision 
microelectrode insertion system based on the techniques developed in Chapter 3-5. A 
prototype system has been developed and constructed. Framework of the pioneering 
minimally invasive high-precision microelectrode insertion has been developed based 
on the developed prototype system. 
Chapter 7 concludes the work carried out in this thesis. Main findings are summarized, 
significance of this research is highlighted, limitation of the research presented in this 




Chapter 2. Literature Review on Deep Brain Stimulation 
2.1 Deep brain stimulation  
Electrical stimulation of sub-cortical structures originated in 1950s after the 
introduction of human stereotaxy. In 1952, Delgado et al. used electrical stimulation to 
modulate the neuronal activities of subcortical structures of psychotic patients [9]. In 
1987, Benabid and his colleagues verified that that extrapyramidal tremor in patients 
could be successfully suppressed by chronic high frequency electrical stimulation of 
ventral intermediate (Vim) nucleus of the thalamus [1, 3]. This work is thought to 
inaugurate the modern era of DBS. In 1997, 2002 and 2003 respectively, DBS was 
DBS was approved by Food and Drug Administration (FDA) for the treatment of 
essential tremor, Parkinson’s disease and dystonia respectively as shown in Fig. 2.1 [2]. 
In 2009, the DBS procedure was granted a limited humanitarian device exemption for 
obsessive compulsive disorder by FDA [43, 44]. Because of its evident effectiveness, 
reversibility and non-ablative nature, DBS is now being attempted for many 
neuropsychiatric disorders, such as the medication-refractory depression, addiction, 
compulsive disorder, and so on [10-12, 45]. In the following, some typical applications 
of DBS will be briefly introduced, through which the importance of developing a 
better DBS electrode implantation method can be appreciated.  
 
Fig. 2.1 Clinical applications of DBS approved by FDA. 
 
(1) Parkinson’s Disease (PD). PD is a progressive motor disorder resulting from 
selective death of neurons in a special zone of brain called the substantia nigra [46, 47]. 
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Dopamine secreted from these neurons is transported to other parts of brain such as the 
striatum, the coordination center for various brain circuits. Dopamine deficiency in 
these areas will lead to dysfunction of some neuro-circuits. The prevalence rate of PD 
ranges from 65.6 to 12,500 per 100,000 [48]. The incidence rate of PD steeply 
increases as people grow older as shown in Fig. 2.2 [49]. As PD develops into the late 
stage, some symptoms would become medication refractory.  
  
Fig. 2.2 Age-dependent incidence rate of Parkinson’s disease [49]. 
 
As an established treatment for medication refractory PD, DBS has been proved 
effective. STN DBS can evidently improve patients’ motor performance, and an 
average improvement of 52.3% was reported based on 33 studies published from 2000 
to 2004 [37]. As for the stimulation targets, there are three main DBS targets in use: the 
subthalamic nucleus (STN), the globus pallidus internus (GPi) and the ventral 
intermediate nucleus of the thalamus (Vim).  
(2) Essential Tremor (ET). ET is defined as persistent bilateral hand/arm tremor 
occurring with voluntary action or posture [50]. As the most common movement 
disorder [51], ET is estimated to have a prevalence rate of about 9.0% for people of 60 
or elder and up to 22% among individuals of 95 and above [50, 52, 53]. Similar to PD, 
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prevalence rate of ET increases as people age [50]. Pharmacological treatments are 
found not effective for approximately 50% of ET patients [54, 55]. Chronic stimulation 
of Vim is highly effective for refractory ET. In a multicenter trial, Koller et al. [56] 
reported 80% reduction in contralateral arm tremor in 29 patients with ET with Vim 
DBS at one year follow-up.  
(3) Primary dystonia. Characterized by abnormal muscle contractions frequently 
causing twisting and repetitive movements, dystonia is estimated to be the third most 
common movement disorder after PD and ET [57]. Estimated prevalence of primary 
dystonia varies between 2 and 50 cases per million for early-onset and between 30 and 
7320 cases per million for late-onset dystonia [58, 59]. Due to the successful clinical 
application of DBS for PD, DBS was attempted for primary dystonia and has been 
adopted for an approved treatment for primary dystonia. In a study of 30 primary 
generalized dystonia patients treated by DBS, the motor function was improved by 
79.6% at one year follow-up [60]. 
(4) Refractory obsessive compulsive disorder (OCD). OCD is a common chronic 
psychiatric disorder characterized by intrusive thoughts and compulsions and is 
associated with a hyperactivity of the corticostriatal circuit [61, 62]. OCD is reported 
to have a one-year prevalence rate of 1.0 % [63] and a life-time prevalence rate of 
about 1.6% [64]. Among these patients, about 10% are medication resistant [65]. 
Although only a limited number of OCD patients were treated by DBS, encouraging 
results have been acquired. In a clinical study, 16/26 patients (61%) were reported to 
have an improvement of more than 35% at 36-month follow-up [66]. 
(5) Other new applications. DBS is now being attempted for many other 
neuropsychiatric disorders, such as medication-refractory depression and addiction. 
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Promising results were acquired. A remission rate of about 58% was reported for the 
treatment of refractory depression [67]. In a recent study, positive results were also 
reported for Alzheimer’s disease (AD) patients treated by Fornix DBS [68]. Glucose 
metabolism was evidently increased in the temporoparietal area as shown in Fig. 2.3 
[69, 70]. Increase in the hippocampal volume was also observed [71]. These promising 
results reveal that by selecting a proper stimulation target, DBS can be effective for the 
treatment of a wide spectrum of medication refractory neurodegenerative and 
neuropsychiatric disorders. 
 
Fig. 2.3 Change in the glucose metabolism after Fornix DBS for AD patients; red: 
increase; blue: decrease [69, 70]. 
 
Although DBS has been proved effective for many neurological and psychiatric 
disorders, debates still exists regarding the mechanism of DBS [72]. A widely accepted 
notion is that since DBS has the effects similar to ablating procedures such as 
thalamotomy and pallidotomy, DBS would take effect by inhibiting the activities of 
target neurons. This idea is very appealing especially for STN or GPi DBS in the 
treatment of Parkinson’s disease which is pathologically related to over-activity of 
STN or GPi. Local inhibition STN or GPi is thought to be responsible for DBS’s 
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therapeutic effects [61, 73], and reduction in neuronal activities of stimulated neurons 
was experimentally observed [74, 75]. Meanwhile, excitation of downstream structures 
was also reported by some researchers [76, 77]. In some recent studies, it was revealed 
that inhibition and excitation appeared to co-exist [78-80]. In-depth study is needed to 
further reveal the mechanism of DBS.  
2.2 DBS electrode implantation operation  
In the treatment of DBS, electric impulses of particular amplitude and frequency are 
applied to a specific zone in brain via a deeply implanted electrode to modulate the 
activities of target nucleus, through which therapeutic responses can be invoked and 
the disease’s symptoms can be alleviated or suppressed [9, 13, 81]. Configuration of 
two widely used DBS leads is shown in Fig. 2.4. The DBS lead has four 1.5 mm-long 
cylindrical platinum-iridium electrodes with a spacing of 0.5 mm or 1.5 mm. For 
effective stimulation, the DBS electrode(s) should be accurately implanted into target 
neurons in brain [33, 39, 82-84]. Otherwise, target neurons will be insufficiently 
stimulated and adjacent non-target neurons would be unnecessarily affected. After the 
implantation of the DBS lead into brain, a neuro-stimulator (or pulse generator) is 
implanted into patient’s chest. By connecting the DBS lead onto the stimulator via a 
percutaneously imbedded wire, programmed electric pulses can be sent from the 
stimulator to target neurons via the implant DBS electrode(s) as shown in Fig. 1.1(a). 
  
Fig. 2.4 Mode 3387/3389 DBS lead (Medtronic, Inc.). 
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Implantation of the DBS lead into brain is realized by carrying out a series of 
procedures as summarized in the following [2, 85]. Representative images of the lead 
implantation process are shown in Fig. 2.5. 
(1) Application of the stereotactic head frame onto patient’s head. The head frame is 
used to immobilize patient’s head for preoperative imaging or electrode implantation 
(Fig. 2.5(a)).  
(2) Pre-operative imaging. Patient’s head is scanned along with the attached head 
frame in order to acquire 3D MRI/CT brain image for determining the stimulation 
target and planning the implantation trajectory. 
(3) Determination of the stimulation target and implantation trajectory, which is 
performed on the acquired 3D head/brain image (Fig. 2.5(b)). After the determination 
of the target in brain, the entrance on skull should be carefully selected to make sure 
that vital anatomical structures will not be traversed by the planned implantation 
trajectory. Coordinates of the target in brain and the entrance on skull can be described 
in a coordinate system defined with reference to the 3D brain model. 
(4) Secure patient’s head onto the operation table, and perform target registration. 
Patient’s head is secured onto the operation table with the assistance of the head frame. 
Before electrode implantation, target registration is performed to create linkage 
between the preoperatively acquired 3D brain image and patient’s physical brain. By 
doing this, the target and entrance planned in the 3D image space can be mapped onto 
their counterparts in patient’s real brain. 
(5) Burr hole opening. This is to make an entrance on skull for the insertion of the 
DBS lead into brain. Conventionally, burr hole opening is realized by drilling or 
grinding. The burr hole can have a diameter of up to 15 mm [33, 39]. After burr hole 
perforation, dura mater beneath the skull should be opened for electrode implantation. 
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During this operation, cerebrospinal fluid circulating around the brain may leak out, 
and brain would sink or shift inside the skull. The incurred brain shift would make the 
target move away from the preoperatively determined position in brain, leading to 
targeting error.  
 
 
Fig. 2.5 Main procedures for DBS electrode implantation. (a) Placement of the 
stereotactic frame [86], (b) target determination on preoperative brain image [87], (c) a 
frame-based stereotactic system for electrode insertion [88], and (d) electrode 
implantation into patient’s brain. 
 
(6) Implant the DBS electrode into brain with the assistance of stereotactic frame (Fig. 
2.5(d)) (http://fns.med.upatras.gr/EN/Dystonia.html). Since the 1.2 mm diameter 
polymer DBS lead is too flexible for direct insertion, a 2.1 mm rigid cannula is firstly 
inserted into brain to provide physical support to the implantation of the DBS lead. 
Use of the thick DBS lead and the cannula would lead to serious tissue damage.  
(7) Lead fixation. After the DBS lead is implanted to the planed position, the lead 
would be fixed onto skull via anchoring devices. During the lead fixation, caution 





(8) Perform postoperative imaging to confirm whether the DBS lead has been 
implanted into the target position. If a large deviation exists, re-operation would be 
desired. If the electrode is implanted into the target with an acceptable targeting error, 
the stimulator would be implanted into patient’s chest.  
In each of these procedures, error would occur due to the technical error of employed 
devices or human intervention such as manual operation. Because of the serial 
architecture of electrode implantation process, error from an upstream procedure 
would “flow” down the operation, accumulate, and be revealed as the final targeting 
error.  
Cardinal in the electrode implantation process is the stereotactic frame which would 
affect nearly all procedures from preoperative imaging to electrode implantation. The 
employed stereotactic frame would have a significant influence on the DBS operation 
and also the targeting accuracy of the implanted DBS lead. In the early days of DBS, 
only frame-based stereotactic systems were used for electrode implantation [15, 19-21]. 
Targeting accuracy of typical frame-based systems was investigated by Maciunas et al 
in the 1990s [89]. In the modern era of DBS, various newly developed techniques such 
as optical navigation, interventional magnetic resonance imaging (iMRI) and rapid 
prototyping (RP) have been adopted [26, 28, 39, 90]. Frameless systems like 
NexFrame (Image-Guided Neurologics, Melbourne, Fla., USA), STarFix 
microTargeting Platform (FHC Inc., Bowdoin, Me., USA) and Neuromate robot are 
now being used in the operation theater [24, 27, 29]. A new iMRI guided SmartFrame 
is also clinically used [31]. Adoption of these new systems makes the DBS operation 
increasingly diverse and complex. 
Currently, there is no updated study on the performance of various stereotactic systems 
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in the modern era of DBS. In the next section, a systematic literature study will be 
carried out to reveal the trend of contemporary DBS operations (mainly the targeting 
accuracy of electrode implantation).  
2.3 Literature study on conventional DBS electrode implantation 
2.3.1  Methods for literature study 
Original articles published in PubMed were searched using the following keywords: 
deep brain stimulation, accuracy, error, and electrode. Different combinations of these 
keywords were tried. Articles published after 2001 were searched; the first report on 
targeting accuracy was found to appear in 2002. Returned articles were pre-screened to 
exclude unrelated and duplicated articles; the left were re-checked to only include 
original articles published in English with information on targeting accuracy of 
electrode implantation of at least five patients. Animal studies were excluded. 
As for targeting accuracy, it means how accurately and precisely the electrode can be 
delivered into brain [89]. It can be represented by targeting error (TE) in three different 
ways, the Euclidean error d, the vector error ∆ and the trajectory error r [15, 17, 25, 28, 
31, 91-93]. As illustrated in Fig. 2.6, d is the distance between the target and a specific 
position (commonly the clinically effective electrode contact) on the DBS lead; vector 
errors ∆x, ∆y and ∆z are respectively the projections of d in the x (lateral-medial), y 
(anterior-posterior) and z (superior-inferior) direction; r is the shortest distance 
between the target and the DBS lead. Besides, standard deviation (SD) of the average 
TE is another important parameter to represent the repeatability of electrode 





Fig. 2.6 Definition of the targeting error. 
 
In published articles, targeting error was reported in different manners. To compare the 
targeting accuracy, Euclidean error d and its standard deviation SDd are adopted in this 
study. In some articles, only vector errors were reported [20-22, 94-96]; in this 
situation, d was acquired using Eq. 2.1 [17, 19, 97]. As for SDd, if there were no great 
difference among SDx, SDy, and SDz, it could be acquired using Eq. 2.2. Otherwise, 
SDd would be underestimated.  
2 2 2d x y z   
  
                                             (2.1) 
2 2 2
d x y zSD SD SD SD                                            (2.2) 
where, SDx, SDy, and SDz are respectively the standard deviation of ∆x, ∆y, and ∆z.  
2.3.2  Results 
A total of 75 articles were preliminarily found, and the procedures used for systematic 
literature search are summarized in Fig. 2.7. After screening and eligibility checking, 
39 full-text clinical articles with data on targeting accuracy were finally included as 




Table 2.1 Targeting error of DBS electrode implantation reported in literatures. 
Reference 
Number of MER 
(Y/N) 
Vector errors, unit: mm Euclidean error, 
 unit: mm 
Stereotactic 
system Leads Patients ∆x ∆y ∆z 














Starr et al,2002 [98] 76 44 Y 1.40(0-4.7) 1.62(0-5.1) 1.72(8.8) 3.2±1.41 Leksell 
Duffner et al, 2002[21] 17 10 Y 1.2(0-2.7) 1.0(0-2.1) 0.7(0-3.2) 1.71
C
 CRW 
Cuny et al, 2002[19] 28 14 Y 1.3 3.7 1.2 4.1 Leksell 
Patel et al, 2002[99] 37 19 N 0.3±0.4 0.4±0.4 -- -- Leksell 
De Salles, 2004[100] 72/76 54 Y 0.97±0.09 1.15±0.12 1.35±0.12 2.33±0.14 Leksell 
Ferroli et al, 2004[94] 17 10 Y
a
 0.65±0.27 0.61±0.22 0.82±0.31 1.21±0.47
c
 Leksell 
Fitzpatrick et al, 
2005[28] 
20 13 Y 1.4(up to 4.0) 1.4(up to 3.2) 1.1(up to 2.9) 2.7 STarFix 
Andrade-Souza et al, 
2005[14] 













Holloway et al, 
2005[26] 
47 38 Y 1.6±1.0 1.3±1.0 2.0±1.3 3.2±1.4 NexFrame 
Martin et al, 2005[33] 8 5 N -- -- -- 1.0±0.88 NexFrame 
Hamid et al, 2005[95] 54 27 Y 0.48±0.38 0.69±0.58 2.9±1.95 3.02±2.07
c
 Leksell 

















Patel et al, 2007[82] 205 101 N -- -- -- 1.5 mm (96.3%) Leksell 
Guo et al, 2007[102] 55 28 Y -- -- - 1.7-3.0 Leksell 
Pollo et al, 2007[22] 62 31 Y 1.03±0.76 1.34±1.02 0.21 1.70
C
 CRW 
Fiegele el al, 2008[15] 46 23 Y 1.34 0.63 1.18 3.15±1.69 RM 
Daniluk et al, 2009[23] 22 11 Y -- -- -- 1.7 CRW 
Zrinzo et al, 2009[92] 162 109 Y
b
 -- -- -- 1.5±1.0 Leksell 
Kelman et al, 2010[97] 
70 
69 










Shin et al, 2010[83] 32 16 Y 0.2±0.5 0.9±1.3 0.5±1.1 1.05±1.77
c
 Leksell 
D’Haese et al, 2010[29] 104 75 Y -- -- -- 1.99±0.92 STarFix 
Holl et al, 2010[91] 312 165 N 0.6 0.7 0.4 1.4±0.9 Leksell 




















Starr et al, 2010[39] 53 29 N 0.73±0.62 0.85±0.7 1.54±1.05 2.18±0.92 NexFrame 




















Chang et al, 2011[38] 46 23 Y 0.61(0-2.9) 0.55(0-1.7) -- 0.92 Leksell 
Konrad et al, 2011[30] 284 263 Y -- -- -- 1.99±0.9 STarFix 
Smith et al, 2011[90] 15 12 Y -- -- -- 3.04±1.45, 2.62±1.5 NexFrame 
Foltynie et al, 2011[104] 158 79 Y
a
 -- -- -- 1.3±0.6 Leksell 
Shahlaie et al, 2011[84] 24 15 Y 0.72±0.10 1.03±0.17 0.84±0.14 1.65±0.19[40] Leksell 
Thani et al, 2012[18] 16 12 N 1.4 1.4 -- 1.8 Leksell 










Burchiel et al, 2013[25] 119 60 N -- -- -- 1.59±1.11 NexFrame 








Starr et al, 2014[31] 12 6
d
 N -- -- -- 0.6±0.5 SmartFrame 




48 N -- -- -- 1.1±0.7, 1.6±0.7 
NexFrame 
Leksell 
von Langsdorff et al, 
2015[24] 
30 17 -- 0.37±0.34 0.32±0.24 0.58±0.31 0.86±0.32 Neuromate 
Total amount 2931 1765       




Semi-microstimulation & macro-stimulation; 
c









Fig. 2.7 The flowchart illustrating the procedures for literature search. 
 
Eight different stereotactic systems were found in the 39 finally included articles on 
DBS electrode implantation. These systems can be classified into three groups, the 
frame-based, the frameless and the iMRI guided systems. The frame-based systems 
include the Leksell system [17-19], the Zamorano-Dujovny (ZD) system [20], the 
Riechert-Mundinger (RM) system [15], Cosman-Roberts-Wells (CRW) system [21-23], 
and the Neuromate robot [24]. The frameless systems include NexFrame [25-27] and 
STarFix microTargeting Platform [28-30]. The iMRI guided system means the 
SmartFrame [31]. 
(1) Percentage of DBS leads implanted by different systems 
A total of 2931 DBS leads were implanted in 1765 patients as summarized in Table 2.1. 
In order to reveal the adoption rate of different systems over time, percentages of DBS 
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leads implanted by various systems were respectively calculated before and after 2007. 
The results summarized in Fig. 2.8 indicate that most DBS leads have been implanted 
by frame-based systems. The usage of frame-based systems generally experienced a 
decline. Take the Leksell system for example, DBS leads implanted by this system 
declined from 73.54% (2001-2007) to 51.75% (2008-2015). At the same time, 
frame-less systems have been increasingly used over time. DBS leads implanted by 
NexFrame increased from 7.22% (2001-2007) to 19.49% (2008-2015). Another fact 
worth noting is that the stereotactic systems become more diverse over time. Two new 
systems, the robotic Neuromate [24] and the iMRI guided SmartFrame [31], have 
entered the clinical theater after 2007. 
 
Fig. 2.8 Percentage of DBS leads implanted by different stereotactic systems. 
(2) Development of targeting accuracy over time 
Targeting error (TE) of electrode implantation by different systems is summarized in 
Fig. 2.9(a). The weighted average targeting error (WTE) calculated with Eq.2.3 is also 
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plotted. It is shown that the targeting error is generally decreasing over time. In the 
early 2000s, TEs of larger than 4 mm were occasionally reported. From 2006 onwards, 
TEs are generally smaller than 3 mm, and the weighted average TE is smaller than 2 
mm. In the last few years, targeting error is decreasing toward 1 mm (Fig. 2.9(a)).  
 
Fig. 2.9 Targeting accuray reproted in the literatures. (a) The average targeting error; 
(b) Corresponding standard deviaton of the average targeting error (points labeled with 
C





Besides, the corresponding standard deviations (SD) are shown in Fig. 2.9(b). A 
decreasing trend in SD can be easily detected. In recent years, SD is even decreasing 





j ij ij ij
i i
WTE TE P P
 
                                            (2.3) 
where, WTEj and n are respectively the weighted average targeting error and the 
number of published articles on targeting error in Year j; TEij and Pij are respectively 
the targeting error and the number of patients reported in Article i published in Year j; 
only the year, in which two or more articles on targeting accuracy were published 
(n≥2), is considered.  
(3) Comparison of targeting accuracy realized by different stereotactic systems 
In order to compare the performance of different systems, targeting errors of 
representative frame-based, frame-less and iMRI-guided systems are plotted in Fig. 
2.10. A decreasing trend in targeting error is observed for electrode implantation by 
both frame-based and frame-less systems. Comparing the data shown in Fig. 2.10 (a) 
and (b), the frame-less system is shown to have comparable targeting accuracy with 
the conventional frame-based system. But, the newly-developed robotic frame-based 
system, Neuromate, was reported to have a targeting error of 0.86±0.32 mm [24], 
which is much smaller than that of electrode implantation operations by most 
frame-based or frame-less systems (Fig. 2.10).  
Besides, the iMRI-guided system SmartFrame was reported to have a smaller targeting 
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error of about 0.6 mm [31], which is thought to be the smallest targeting error ever 
achieved. Due to the reduced targeting error, a high improvement of 86% in patients’ 
movement performance was reported [31]. But, this system’s targeting error was 
acquired via operation on pediatric patients. A smaller insertion depth in non-adult 
brain may help reduce the targeting error. Thus, the performance of this system needs 
to be further evaluated on adult patients by a neutral third party.  
 
 
Fig. 2.10 Targeting error of DBS electrode implantation by (a) the frame-based Leksell 
system and the newly developed robotic frame-based Neuromate system, and (b) the 
frameless and iMRI guided systems. 
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Another important fact worth mentioning is the great variation among targeting errors 
and standard deviations reported by different institutions using the same system during 
the same period of time. Take electrode implantation by Leksell system for example. 
From 2011 to 2014, some institutions reported a TE of about 3 mm [103], while others 
realized a TE as small as 1.3 mm [104] (Fig. 2.9(a)), and the corresponding SD also 
varies from 0.19 mm to 2.46 mm [17, 18, 84]. The same problem exists for the 
operation with frameless systems such as NexFrame or STarFix. Although peripheral 
equipment or devices may influence targeting error, variances in neurosurgeons’ 
proficiency and expertise in performing DBS electrode implantation among different 
institutions/hospitals would be a significant contributor. Cross-institutional training or 
communication may help flatten this difference.  
2.3.3  Discussion and conclusion  
Targeting accuracy of DBS electrode implantation operation has greatly improved over 
time. Findings on WTE indicate that the average targeting accuracy of DBS has been 
improved to about 1-2 mm. The popular statement “DBS has an average targeting 
accuracy of about 2-3 mm” appearing in some latest publications [40, 93] would be 
obsolete. Besides, findings acquired in this study can help clarify the debate over the 
superiority in targeting accuracy between frame-based and frameless systems. The 
frameless operation was declared to have a better targeting accuracy than the 
frame-based operation in some articles, while the opposite opinion was also reported 
[27, 39]. According to the data shown in Fig. 2.10, targeting accuracy of the frameless 
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operation is nearly the same as that of the conventional frame-based operation. But, the 
newly developed robotic frame-based system and the iMRI system have a much higher 
targeting accuracy. Since the DBS electrode is implanted by successively carrying out 
a series of procedures, arrangement of these procedures in the operation would affect 
the final targeting accuracy. In the following, electrode implantation operation by 
different stereotactic systems will be compared from the perspective of implantation 
architecture.  
Architecture of an electrode implantation operation means what procedures are 
included and how these procedures are arranged in the operation. From the perspective 
of precision engineering, the architecture affects targeting accuracy by influencing 
error transmission or accumulation throughout the operation [91]. Electrode 
implantation operation encompasses all processes from head frame application, 
imaging, planning, burr hole opening, electrode implantation, to lead fixation [85]. In 
order to investigate error transmission in different operations, architectures of three 
representative DBS operations are compared in Fig. 2.11. 
As shown in Fig. 2.11, a serial architecture exists in all operations. The frameless 
operation is technically and procedurally more complex than the frame-based 
operation. Frameless operation improves patient’s comfort at the expense of 
introducing extra procedure(s) such as the optical navigation in NexFrame [39, 97] and 
the rapid prototyping in STarFix [28, 30]. These additional procedures may increase 
the chance of error occurrence or accumulation. But, the targeting accuracy of 
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frameless operation is not evidently affected by the increased procedural complexity as 
revealed in Fig. 2.10. This may be because the technical accuracy of the introduced 
procedure is too high to evidently influence the final targeting error. But, the increased 
procedural complexity does influence neurosurgeons’ attitude toward this operation. It 
was reported that the frameless system was inconvenient to use and was even left 
unused in some institutions [27, 30, 90, 96]. 
 
Fig. 2.11 Architectures of three representative electrode implantation operations and 
error transmission throughout each operation. 
 
Among the three representative operations, the iMRI guided operation has the simplest 
architecture. Introduction of iMRI eliminates the need for image registration which is 
crucial in conventional frame-based or frameless operations, which can help remove 
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the accompanying technical and human errors [31, 106]. Moreover, the architecture of 
iMRI guided operation has been optimized by re-arranging procedures inside this 
operation. Imaging and planning comes out after dura opening, and the brain shift error 
caused by cerebrospinal fluid (CSF) leakage could be eliminated [31, 106]. This is also 
different from the frame-based and frame-less operations. Procedure simplification and 
optimization helps improve the targeting accuracy by reducing the chance of error 
accumulation. This partially explains the ultra-high targeting accuracy of the iMRI 
guided operation shown in Fig. 2.10. Therefore, from the macro-perspective of 
architecture, an effective strategy to improve targeting accuracy is to reduce error 
occurrence/accumulation via architecture simplification and optimization. This 
philosophy can also be used in developing new devices or systems for depth electrode 
implantation. 
Besides, electrode implantation is performed based on some cardinal assumptions: (1) 
position of the target determined in the image space is the same as that in the physical 
space; (2) the anatomical target would be “pinned” to the preoperatively determined 
position in skull throughout the operation; (3) the DBS lead would be delivered into 
brain exactly as desired; and (4) the DBS electrode would be anchored to the same 
position in brain after implantation. However, things may not develop as planned in the 
actual operation. If the real situation doesn’t comply with these assumptions, error 
would occur. These errors would accumulate throughout the operation and be revealed 
as the final targeting error. In the following, key factors related with these assumptions 
will be discussed.  
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(1) Imaging. MRI has superior sensitivity in visualizing anatomical structures, and is 
adopted as the main technique for target determination and trajectory planning 
[107-109]. A key assumption in the planning stage is that coordinates of the anatomical 
target determined in the image space is the same as those in the physical space. 
However, image distortion and limited resolution of MRI would cause error in 
determining the position of the anatomical target [110]. The technique of fusing MRI 
and CT images has been adopted to deal with this problem [17, 20, 21, 26, 28, 91, 95, 
97, 103]. The fused image inherits MRI’s high anatomical resolution and CT’s high 
geometric accuracy. But, this method increases technical and procedural complexity 
and also introduces image-fusion error. Advanced image fusion algorithms are needed 
to minimize this error [108, 109, 111, 112]. Another effective strategy is to develop 
MRI compatible devices or high resolution MRI systems, which has become a trend in 
recent years [18, 31, 33, 39, 82, 99, 106, 113, 114].  
(2) Brain shift. A second key assumption in DBS is that the target stays at the same 
position in skull as preoperatively determined throughout the surgery. However, due to 
brain shift, the planned target always moves away from the preoperatively determined 
position. Brain shift refers to the movement and deformation of brain inside skull [115, 
116]. A main cause for brain shift in DBS is the CSF leakage after arachnoidea opening; 
CSF leakage will make the brain shift inside skull, and the target would also move 
away from the preoperatively determined position [29, 117]. CSF leakage is always 
accompanied with subdural air invasion; resorption of the subdural air after scalp 
closure could incur inverse brain shift [116, 118]. Direction of brain shift is hard to 
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predict, and the error caused by brain shift is hard to control. Methods preventing CSF 
leakage can help minimize the brain shift error. Sealing the burr hole with fibrin 
glue/wax [19, 25, 38, 91], adjusting the head to make the burr hole at the highest 
position [15, 82, 103], and irrigating the burr hole with isotonic or saline solution [18, 
82, 91] are frequently practiced. A most effective strategy is to eliminate this error by 
arranging the imaging and planning after dura opening as employed in the iMRI 
guided operation with SmartFrame [31].  
 
Fig. 2.12 (a) Influence of stereotactic frame’s mechanical error on targeting error, and 




(3) Mechanical error of the stereotactic system. It is assumed that the DBS lead would 
be exactly delivered into brain from the planned entrance and along the planned 
trajectory. However, since electrode is implanted with the assistance of the stereotactic 
frame, stereotactic frame’s mechanical error would impair the final implantation 
accuracy. As illustrated in Fig. 2.12(a), p and θ are respectively the position error and 
gesture error in an insertion operation. Position error p at entrance would cause the 
same position error at the planned implantation depth; a small gesture error θ can incur 
a large error of l∙sinθ due to the large implantation depth l (up to about 80 mm or 
larger). Thus, great effort should be made to minimize mechanical errors. The higher 
targeting accuracy of Neuromate is partially due to the robotic arm’s ultra-small 
mechanical error [24]. Besides, the stereotactic frame must be securely applied; 
otherwise, frame loosening would impair the mechanical accuracy [30, 119].   
(4) Post-implantation lead migration. The assumption that the implanted electrode 
doesn’t migrate in the brain is not always valid in practice [117]. Electrode migration 
may occur due to inadvertent pushing-down of the DBS lead during fixation, as 
reflected from the relatively larger vertical error [26, 39, 95, 100]. This error is related 
with the force exerted on the lead by the anchoring device. As illustrated in Fig. 
2.12(b), if the anchoring force or its component force is applied in the migration 
sensitive direction which is parallel with the implantation trajectory, the lead would be 
pushed down. If applied in the migration insensitive plane (perpendicular to the 
trajectory), this force will not cause lead migration. Contemporarily, there are three 
main anchoring devices, the titanium mini-plate [20, 117], the Medtronic burr hole ring 
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and cap (Medtronic, Inc.) supplied in the DBS lead package [120], and the Stimloc 
cranial base and cap (Medtronic, Inc., old commercial name: Navigus) [23, 95, 117]. 
As illustrated in Fig. 2.12(b), the anchoring forces exerted by the titanium mini-plate, 
Stimloc and Medtronic cap are respectively Fmini in the sensitive direction, FS in the 
insensitive direction and FM between these two directions. Thus, Stimloc (or Navigus) 
would have the best anchoring performance among these three anchoring devices. 
Stimloc’s superiority has been verified, and a smaller vertical error was reported in 
some clinical studies [101, 117, 120]. Besides, Fmini exerted by the mini-plate could 
cause stress concentration to the underlying bone, from which bone erosion and 
long-term lead migration would be resulted [117]. Therefore, care must be taken to 
avoid applying the anchoring force in the migration sensitive direction. Caution should 
be taken to prevent pulling the lead upward during fixation. Modifying the 
micro-texture of lead’s surface would be helpful in minimizing lead migration [121]. 
(5) Microelectrode recording (MER). MER is a neuropsychological method for target 
verification before definitive implantation of the DBS lead/electrode [38, 122-124]. In 
the early days of DBS, MER was considered necessary for target verification before 
lead implantation [19, 125, 126]. Nowadays, direct targeting of anatomical structures 
can be accurately carried out with the assistance of high-resolution MRI or the image 
fusion technique [39, 83]. Image-guided operation without MER is being increasingly 
reported in recent years as shown in Table 2.1, and its targeting accuracy and clinical 
efficacy are comparable to the operation using MER [18, 25, 31, 39, 91, 105]. Besides, 
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MER especially the multi-track MER increases operation time, cost, and risks. Its 
efficacy and add-on value is now being questioned [25, 127]. 
2.4 Summary 
In this chapter, a comprehensive literature review on DBS has been presented from the 
perspectives of DBS’s history, clinical applications, stereotactic systems used for 
electrode implantation, and targeting accuracy of DBS electrode implantation. Key 
findings from this chapter are: 
(1) DBS is an effective and established treatment for a wide spectrum of 
medication-refractory movement disorders. DBS is promising for the treatment of 
many neurodegenerative and neuropsychiatric disorders such as refractory depression 
and Alzheimer’s disease. In the coming aged society, DBS can be an effective resort to 
deal with the enormous economic burden caused by these refractory disorders.  
(2) Implantation of the DBS electrode is realized by successively carrying out a series 
of procedures. In order to improve the targeting accuracy, error in each step should be 
minimized and the whole insertion system should be optimized. 
(3) The conventional DBS operation is invasive due to the use of a thick DBS 
electrode and opening a larger burr hole on skull. Targeting accuracy of contemporary 
DBS operation is about 2-3 mm, decreasing toward 1 mm. This low targeting accuracy 
makes it difficult to accurately modulate neural activities of a fine target in deep brain, 
which eventually impairs the stimulation efficacy. 
(4) Contemporary DBS is still lowly accepted by candidate patients due to the invasive 
35 
 
operation and the unsatisfactory efficacy. Numerous candidate patients are left 
un-effectively treated, causing huge economic burden to the society.  
It can be seen that in order to make the DBS treatment widely accepted, great efforts 
should be made to transform the contemporary DBS into a safer (minimally invasive) 
treatment of higher stimulation efficacy. The work presented in this thesis is to realize 







Chapter 3. A Novel Rotational Insertion Technique for 
Deflection Free Insertion of a Microelectrode Deep into 
Brain 
Two key problems with contemporary DBS operation are the invasiveness and low 
targeting accuracy as discussed in the last chapter. A main cause for the invasiveness is 
the insertion of a 1.27 mm diameter DBS lead along with a 2.1 mm diameter cannula 
into brain. This kind of tissue damage can be reduced by direct implantation of a 
microelectrode into brain without the supporting cannula. Published studies have 
shown that tissue damage in brain caused by the insertion of a microelectrode is 
smaller [128, 129]. But, a long microelectrode is prone to bend or deflect during 
insertion especially in the case of a large insertion depth. Direct insertion of a 
microelectrode deep into brain without deflection would be extremely challenging. The 
aim of this chapter is to develop a technique for deflection-free insertion of a 
microelectrode deep into brain for stimulation. 
3.1  Structural and mechanical properties of brain 
3.1.1  Brain anatomy 
Human brain is a complex living organ enclosed by the cranium/skull, protecting brain 
from impact or damage, and its anatomy is conventionally described with reference to 
functions (see Fig. 3.1(a)). The brain is composed two cerebral hemispheres. Outer 
layer of cerebral hemisphere is cerebral cortex, a layer of grey matter, containing 
numerous neurons. Beneath grey matter is the white matter which is mainly consisted 
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of glial cells and myelinated axons [130, 131]. The typical structure of a neuron is 
shown in Fig. 3.1(b). There are millions of neurons in the brain, which are the basic 
component of extensive neural circuits. Despite the differences in morphology and 
functions, neurons generally have a cell body (or soma), a long axon and a few 
dendrites. In the vast space among neurons exists numerous glial cells (also called 
neuroglia) whose number can be 10-15 times that of neurons [131]. These glial cells 
provide physical support and create a favorable environment for neurons.  
 
 
Fig. 3.1 (a) Lobes of human brain, and (b) typical structure of a neuron [131]. 
 
Located deep in the brain and amidst the white matter is the diencephalon which is 
consisted of four parts, that is, thalamus, hypothalamus, subthalamus and epithalamus 
[130-132]. Thalamus is extensively connected with the cerebral cortex, brain stem and 
the spinal cord. It works as a cardinal relay station between the body and brain. Many 





intermediate nucleus (Vim) of the thalamus and globus pallidus internus (GPi) which 
are main targets in DBS are located deep in the brain as illustrated in Fig. 3.2 
[133-136]. As shown in Fig. 3.2 (https://www.msu.edu/user/brains/brains/human/), if a 
micro-electrode is to be delivered to STN, it needs to penetrate the cerebral cortex and 
pass through the thick whiter matter between cortex and diencephalon. Tissue damages 
caused to important structures such as the thalamic nuclei and globus pallidus would 
be affected by the diameter of the inserted electrode or cannula and also the selected 
insertion trajectory. 
 
Fig. 3.2 Anatomical targets located deep in the brain (based on brain slice image, 
coronal level 2240, Brain atlas, Michigan State University). 
 
During electrode insertion, targeting accuracy of electrode implantation would be 
affected by the interaction between electrode’s body and the brain tissue around the 
inserted electrode. Tissue-electrode interaction is affected by the mechanical properties 
of brain tissue, which will be discussed in the following.  
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3.1.2  Mechanical properties of brain tissue 
Early studies on mechanical properties of brain tissue can be retrieved to the work 
carried out by Fallenstein et al. [137] and Galford et al. [138], in which shear and creep 
properties of human brain were investigated in vitro. Afterwards, Miller and Chinzei 
reported a non-linear viscoelastic model based on the strain energy function to describe 
brain’s mechanical properties at low strain rates (0.64×10-5 s-1 ~ 0.64 s-1, true strain: 
0~0.35) [139]. Later on, another hyperelastic and linear viscoelastic model was 
proposed [140]. This viscoelastic model was further verified through in vivo indention 
experiment on swine brain at low strain rates; but it was found that this model cannot 
accurately model the large deformation of brain tissue [141]. Emphasis of previously 
mentioned studies was placed on brain tissue’s response under compression or 
indentation. Later on, Miller and his colleagues investigated brain tissue under 
extension [142], and found that brain tissue’s responses under extension in vitro are 
different from those under compression. In another study, it was shown that the fresh 
human brain was only a little stiffer than the porcine brain [143], which means the 
mechanical properties measured on pig brain can be used to approximately represent 
human brain.  
Another factor worth noting is that most previous studies were performed in vitro. 
However, brain tissue in vivo is vascularized, and blood circulation may affect the 
mechanical properties of brain. Studies on brain tissue’s responses in vivo, in situ or in 
vitro [144, 145] revealed that the properties of living cortical brain tissue were not 
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evidently influenced by perfusion, and response of brain tissue under indentation in 
vivo was similar to that in vitro.  
 
Fig. 3.3 (a) Response of pig brain under compression in vitro at different strain rates 
[140]. (b) Stress relaxation of pig brain under compression at different strain [146].  
 
Based on the above discussion, it is appropriate to use the mechanical properties of pig 
brain acquired in vitro to represent the human brain in vivo. The work carried out in 
this study would be based on the experimental findings from two reference studies on 
brain tissue’s strain rate dependent and stress relaxation properties [140, 146]. As 
shown in Fig. 3.3(a), with the increase of strain rate, the tissue reaction force becomes 
larger under the same strain, reflecting that brain tissue becomes stiffer at a larger 























relaxation property. At a constant strain/deformation, the reaction force from brain 
tissue decreases over time, which is different from the pure-elastic materials. As shown 
in Fig. 3.3(b), the reaction force of pig brain under compression in vitro decreases 
greatly to a very small value within 4.0 ms, revealing brain tissue’s evident viscoelastic 
properties [146]. These properties will have a great influence on the electrode-tissue 
interaction during electrode implantation.  
3.2  Rotational insertion of a microelectrode deep into brain  
During the insertion of a microelectrode into brain, a main cause for electrode 
deflection or skewing is the asymmetrical cutting force exerted on electrode’s tip. In 
order to prevent electrode deflection, a commonly adopted method is to use an 
electrode with an axially symmetric tip [147, 148]. Otherwise, the asymmetric cutting 
force exerted at an asymmetric tip would deflect microelectrode, leading to electrode 
deflection and targeting error [147]. In reality, a minor tip asymmetry always exists 
due to the manufacturing tolerance. For shallow electrode insertion (such as electrode 
insertion into cortex), the effect of minor tip asymmetry is not evident because of the 
small insertion depth. However, vital targets for deep brain stimulation such as 
thalamic nuclei or subthalmic nuclei are located at a depth of up to 50~80 mm in brain 
[132]. A minor tip asymmetry would lead to significant targeting error at a large 
insertion depth.  
At the same time, a long microelectrode is prone to buckling/bending during insertion. 
Since brain tissue is not homogeneous, the long microelectrode may encounter a layer 
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of tissue of higher mechanical strength during insertion, the abruptly increased cutting 
force at the tip would cause electrode buckling, which would lead to deflection upon 
further insertion. For high-precision insertion of a microelectrode into deep brain 
without the guidance/support of a rigid cannula, the deflection caused by the minor tip 
asymmetry and the buckling at encountering a layer of tough tissue should be 
effectively addressed. 
One strategy to deal with these problems is to intentionally use a bevel-tipped 
microelectrode which has an inherent bending-force on its tip during insertion. This 
bending force would deflect the microelectrode as the electrode is inserted deep into 
brain. When the electrode is inserted along a curvature into brain, once the bending 
force and the incurred curvature can be accurately predicted, a target located in deep 
brain can still be accurately reached by a microelectrode which is implanted according 
to the theoretical prediction [149-151]. Accurate steering a bevel-tipped microelectrode 
deep into brain requires a model for accurate prediction of electrode’s deflection. 
However, it is difficult to develop an accurate and reliable model for this aim because 
of the complex tissue-electrode. In a phantom study on homogenous phantom tissue 
with a 0.38 mm diameter bevel-tipped needle, a targeting error of 24.7% was reported 
between the predicted position and that experimentally measured [149]. Because of 
brain tissue’s inhomogeneous properties, it is even harder to develop a reliable model 
for accurate steering of a bevel-tipped microelectrode deep into brain [147, 148]. 
To render better controllability over microelectrode steering, rotation was introduced to 
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control the direction and degree of needle deflection [152, 153]. A microelectrode can 
be inserted at a constant rotational speed or rotated for a specific angle such as 180° at 
different insertion depth [152, 154, 155]. It was reported that rotation could help 
reduce the axial force for electrode/needle insertion [153]. Reduction in targeting error 
was also observed for a bevel-tipped electrode inserted at a rotational speed of up to 50 
rpm [154]. A straight insertion trajectory was even realized for the insertion of a 0.28 
mm diameter bevel-tipped needle into gelatin at 120 rpm [155, 156]. However, 
promising results were not acquired when insertion was performed on cadaver brain 
tissue; instead, a targeting error of up to 2 mm was reported [157, 158]. Besides, in 
rotational steering of a bevel-tipped microelectrode into brain, the torsional friction 
would axially twist the long microelectrode of high flexibility and the rotation angle of 
its tip lag would behind that of electrode’s base. This makes it more difficult for 
accurate steering of a microelectrode via duty cycling/rotation [159, 160]. Thus, novel 
strategies are desired for accurate insertion of a microelectrode into brain for neural 
activity measuring. 
The study presented in this chapter aims at developing a method for direct insertion of 
a microelectrode into deep brain without deflection. In the following, a novel rotational 
insertion method will be developed to deal with the possible deflection which may be 
caused by the minor tip asymmetry and buckling during insertion.  
3.3.1  Concept of rotational microelectrode insertion 
In rotational insertion, a conical-tipped microelectrode is inserted into brain at feed 
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rate v and rotational speed ω (Fig. 3.4(a)). A conical-tipped microelectrode is used due 
to its axially symmetric tip. In non-rotational insertion, the minor tip asymmetry 
caused by machining tolerance may lead to deflection especially for a long 
microelectrode of high flexibility. When rotation is introduced, the tip is continuously 
re-orientated to prevent electrode deflection toward a specific direction. This will be 
further verified in the experiment. Another main cause for deflection is the electrode 
buckling when a layer of tough tissue is encountered during insertion, which always 
occurs in the real-life operation. In the following, theoretical analysis will be 
performed to investigate how a microelectrode will react at encountering a layer of 
tough tissue and whether electrode buckling\bending in this scenario can be suppressed 
or prevented in rotational insertion.  
 
Fig. 3.4 (a) Illustration of the rotational insertion method; (b) forces exerted on the 
microelectrode in rotational insertion. 
 
Forces exerted on a rotating electrode are analyzed in Fig. 3.4(b). A long 
microelectrode may deflect under the gravitational force. This effect can be eliminated 
by adjusting brain’s orientation to make the insertion trajectory vertical. As shown in 
Fig. 3.4(b), fins is the friction force caused by insertion and fcir is the torsional friction 
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generated by rotation. Since bending is not caused by these friction forces, they are not 
considered in the following analysis. ftr is the tissue reaction force exerted on 
electrode’s body. Asymmetric distribution of tissue reaction force around the 
microelectrode is fundamentally related to bending, thus the analysis of this study is 
focused on the tissue reaction force [147]. This is different from previous studies on 
the needle insertion in which emphasis was generally placed onto the bending force 
exerted at the bevel tip [147-149]. 
3.3.2  Mechanics-based model of rotational insertion 
The tissue reaction force is affected by the mechanical properties of brain tissue which 
was taken as linear elastic in some studies on tissue-electrode interaction [161-164]. 
Actually, brain tissue is viscoelastic and its mechanical response is affected by strain 
rate or deformation speed [146, 165]. In this study, the viscoelastic properties of brain 
tissue have been taken into account. Currently, many models are available to represent 
brain tissue’s viscoelasticity. A non-linear viscoelastic model was developed to 
represent brain tissue’s response at low strain rates [139]. Some other constitutive 
models were also developed to represent brain tissue under various loading conditions 
[166-169]. Despite their convenient application in finite element analysis, these models 
with complicated mathematical expressions are not suitable for developing a 
straightforward relationship between the rotational speed and the tissue reaction force 
in this pilot study.  
Another commonly adopted method is to use mechanically analogous elements to 
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represent the elastic and viscous properties [170, 171]. In this study, the Kelvin-Voigt 
(KV) model is used to simulate the viscoelastic brain tissue, similar to the reference 
study on torsional friction in needle insertion [159]. In KV model as shown in Fig. 3.5, 
a spring and a dashpot are connected in parallel to represent brain tissue’s elastic and 
viscous property respectively [172, 173]. fe(ε) is the force response from the spring, 
while fv(ε) is the force response from the dashpot. The overall response can be 
expressed by Eq. 3.1 [172, 174-176]. 
( )





                                                    (3.1) 
where, k and η are spring’s elastic constant and dashpot’s viscosity, respectively [176], 
and k equals to elastic modulus of brain tissue.  
 
Fig. 3.5 Schematic diagram of the Kelvin-Voigt Model. 
 
Compared with the complex models discussed in Part 3.1, the KV model can faithfully 
represent the interdependence between major parameters in rotational insertion. Most 
importantly, it can be easily implemented. A mechanics-based model is then 
established for the rotational insertion based on KV elements to investigate 
tissue-electrode interaction (Fig. 3.6 (a)). Due to microelectrode’s ultra-small diameter, 
brain tissue around the microelectrode at the same cross-section is taken as 
homogenous [161-163]. KV elements in the same cross-section Ln share same 
parameters kn and ηn. During insertion, the microelectrode may encounter a layer of 
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tough tissue, leading to an excessively large axial force at its tip and buckling. In the 
following, it is going to investigate how bending\buckling can be controlled or even 
suppressed by harnessing the tissue reaction force in rotational insertion. 
 
 
Fig. 3.6 (a) The mechanics-based model of the rotational insertion; (b) the 
Kelvin-Voigt elements around the electrode in a typical cross-section Ln. 
 
In the case of minor buckling, electrode’s cross-section Ln at a given insertion depth 
moves from the bending-free position O to a new position O' for a distance of bn; 
surrounding KV elements are asymmetrically compressed (Fig. 3.7(a)). Tissue 
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contacted with B′A′D′̂  is further compressed by the rotating electrode, and a dynamic 
tissue reaction force is exerted on the electrode. Due to brain’s viscoelasticity, this 
force is affected by the speed at which the tissue is deformed or compressed [146, 177]. 
To acquire this force, a typical point G on BAD̂ is taken out for analysis. Due to 
bending, G moves to a new position G' as illustrated in Fig. 3.7(b). 
 
 
Fig. 3.7 Cross-sectional view of tissue-electrode interaction when bending occurs. (a) 
Asymmetrical deformation of Kelvin-Voigt elements around the electrode; (b) tissue 
reaction force exerted at a typical point on electrode’s cross-section. 
 
Deformation of the tissue contacted with G and G' are respectively r(α) and rG' (r(α) = 
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r0, r0 is electrode’s radius, and α = [0, π]). The relationship between r(α) and rG' is 
expressed in Eq. 3.2. 
                                                    (3.2) 
where bn is the electrode’s bending in cross-section Ln. 
rG' can be calculated using Eq. 3.3. 
                                          (3.3) 
After buckling, the bent electrode still rotates around O. Linear velocity of G’ 
rotating around O is ω∙rG’, where ω is electrode’s angular velocity. ω∙rG’ is also the 
velocity at which the tissue contacted with G’ is dynamically compressed. Since rG' 
varies along B′A′D′̂ , tissue contacted with different points on B′A′D′̂  would have 
varying strain and strain rates. Strain εG' and strain rate dεG'/dt of the tissue contact 
with G’ can be obtained using Eq. 3.4 and Eq. 3.5, respectively.  
                                                         (3.4)  
                                                   (3.5)  
where α=ωt, ω is electrode’s angular velocity, and dn is the thickness of affected brain 
tissue around the electrode. 
Tissue reaction force ζ(α) exerted at G' can be acquired by substituting Eq. 3.4 and Eq. 
3.5 into Eq. 3.1. 
                                        (3.6) 
As for the tissue contacted with B′C′D′̂ , it doesn’t rotate with the bent electrode. 
Instead, it would separate from B′C′D′̂  because of tissue’s inertia, making the tissue 
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reaction force exerted on B′C′D′̂  reduce to zero. Thus, the tissue reaction force exerted 
on B′C′D′̂  can be neglected. The tissue reaction force exerted on cross-section Ln can 
be approximated by calculating the force exerted on B′A′D′̂ . 
ζx(α) defined in Fig. 3.7(b) has a direction reverse to that of bending 𝑏𝑛⃗⃗⃗⃗ . Integrating 
ζx(α) from α=0 to α=π, a resultant force fanti exerted on a typical cross-section Ln can 
be acquired using Eq. 3.7. The overall force Fanti along the electrode can be acquired 
by integrating fanti along electrode’s length L with Eq. 3.8. Because fanti and Fanti are in 
the reverse direction of bending 𝑏𝑛⃗⃗⃗⃗ , their net effect is to push the bent electrode back 
into its initial bending-free position. They will be called the anti-bending force in the 
following. 
                       (3.7) 
                               
(3.8) 
where, βα is the angle between ζ(α) and ζx(α) as defined in Fig. 3(b), and L is 
electrode’s length inserted in brain. 
Conventionally, insertion is carried out at a low insertion rate of a few millimeters per 
second without rotation [148]. If buckling occurs, brain tissue around the electrode 
would experience a quasi-static deformation. In this situation, the stress relaxation 
property would take effect, leading to dramatic decrease of the tissue reaction force in 
an extremely short time as experimentally observed [146]. Thus, bending would 
persist and deflection would be resulted upon further insertion, leading to targeting 
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In rotational insertion, when bending occurs, although the surrounding tissue does not 
rotate with the electrode, tissue would experience changing strain and strain rate as 
revealed in Eq. 3.4 and Eq. 3.5. Because of the dynamic tissue deformation, stress 
relaxation will not take effect, and the tissue reaction force will not drop significantly 
[146, 165]. Instead, the tissue reaction force would persist until the disappearance of 
bending. A resultant anti-bending force fanti would be exerted on the buckling electrode 
and its magnitude is influenced by rotational speed ω as revealed in Eq. 3.7. Therefore, 
it would be possible to control the anti-bending force by adjusting the rotational speed, 
which in turn would influence electrode’s bending or buckling at encountering a layer 
of tough tissue during insertion. In the following, we are going to numerically 
investigate how the anti-bending force is influenced by the rotational speed. 
3.3.3  Numerical simulation of rotational insertion 
In rotational insertion, deflection caused by minor tip asymmetry can be eliminated by 
continuous rotation. The possible deformation mode of a conical-tipped microelectrode 
at encountering a layer of tough tissue would be buckling. In order to calculate the 
anti-bending force, bending along the buckling electrode should be firstly acquired. 
Because the microelectrode is held at the entrance on skull and the cutting force 
exerted at its conical tip is laterally balanced, the microelectrode inserted in brain can 
be modeled as a compressed rod with one end fixed and the other end hinged (Fig. 
3.8(a)). In the case of buckling, bending along the electrode can be approximated using 
Eq. 3.9, which will be verified with the experimentally observed bending curve.  
52 
 
                         (3.9) 
where δ is the maximum bending along the microelectrode, and L is electrode’s length 
inserted in brain. 
 
Fig. 3.8 (a) The compressed rod model of a microelectrode inserted in brain; (b) 
bending curve of the electrode. 
 
Besides, k and η representing brain tissue’s viscoelastic properties are also needed. As 
a typical viscoelastic material, brain tissue’s mechanical response is influenced by 
strain and strain rate [146, 178]. In this study, elastic constant k is acquired by fitting 
the experimental data acquired by Rashid et al using Eq. 3.1 under different strain and 
strain rates [146]. The results are shown in Table 3.1. Cortical neural soma was 
reported to have a η of up to 4000 Pa∙s, and brain tissue has a larger viscosity [36, 179]. 
Thus, η is taken to be 5000 Pa∙s in this study. As for dn in Eq. 3.4, the simulation result 
will be presented in a dimensionless form, and its exact value does not influence 
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rotational speed’s effect on fanti. 
In the simulation, electrode’s radius r0 is 150 μm and its length L is 65.0 mm. During 
insertion, buckling would be caused by an excessively large penetration force exerted 
at electrode’s tip [148, 150]. Due to bio-tissue’s complicated fracture\failure 
mechanism, it is currently not possible to accurately predict the cutting force 
experienced by electrode’s tip [147, 180, 181]. Development of a faithful tissue-tip 
interaction model is out of the scope of current study. To deal with this issue, we use 
electrode’s maximum bending δ as an input. Here, δ was set to be 10 μm, and bending 
along the electrode was acquired by Eq. 3.9. fanti(l) along the electrode under different 
rotational speeds were calculated using Eq. 3.7 to investigate rotational speed’s effect 
on the anti-bending force. 
Table 3.1 Values of k (kPa) under different strain and strain rates. 






0-0.10 2.43 19.00 
≥0.10 14.60 28.60 
 
The results are plotted in Fig. 3.9. At 0 rpm, the microelectrode would be subjected to 
deflection caused by minor tip asymmetry, making Eq. 3.9 no longer applicable, thus 
the anti-bending force at 0 rpm was not calculated. The maximum anti-bending force 
at 25 rpm is set to be 1.0, and the other results are presented in a dimensionless form 
with reference to it. Area under the curve of fanti represents the overall anti-bending 
force Fanti exerted on the bending microelectrode. 
Generally speaking, the anti-bending force becomes larger with the increase of 
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rotational speed. However, rotational speed’s influence on the anti-bending force is 
different in the low-speed and high-speed range. Increase in the anti-bending force is 
not significant in the low-speed range (25 rpm and 50 rpm); in contrast, evident 
increase in fanti is observed in the high-speed range (100 rpm or 200 rpm). The 
anti-bending force generated at a small rotational speed may not be large enough to 
suppress bending, while too large a speed may cause serious tissue damage due to the 
existence of torsional friction [159, 160]. 
 
Fig. 3.9 Effect of rotation on the anti-bending force based on simulation. 
 
As revealed from the literature review, great variations exist among the data on brain 
tissue’s properties reported by different researchers. Also, there is no consent on a 
reliable tissue-needle penetration model. These problems make it hard to numerically 
predict the threshold rotational speed (TRS) at which the electrode buckling at 
encountering a layer of tough tissue during insertion can be successively suppressed. 
In the following, insertion experiment will be carried out to investigate whether 
bending can be successfully suppressed by controlling the rotational speed and at what 
55 
 
a speed deflection-free insertion can be realized. 
3.4  Experimental verification  
3.4.1  Materials 
Due to the regulation and ethical issues, it is hard to directly perform experiment on 
the brain of live animals. In this study, gelatine gel with a mass concentration of 6.0% 
prepared in distilled water was used as the phantom brain tissue. Gelatine gel of this 
mass concentration has a mechanical strength similar to that of pig brain and was thus 
used for study on tissue-electrode interaction during needle or electrode insertion [180, 
182]. Besides, the good transparency of gelatine gel makes it suitable to capture 
needle’s bending/deflection during insertion by a camera. Gelatine gel was prepared in 
50°C distilled water and poured into the container designed for the experiment at about 
14 hours before the experiment. After cooling down, the container filled with gelatin 
was covered by plastic membrane and preserved in a refrigerator (about 4°C). Insertion 
experiment was carried out in an environment of about 24°C. At about two hours 
before experiment, the gelatine was taken out of the refrigerator in order to make it 
reach thermal equilibrium with the environment. 
As for the microelectrode used for insertion, a 75.0 mm long 300 μm diameter 
conically tipped stainless steel needle was prepared and used as the microelectrode, 
and tip of the needle is shown in Fig. 3.10. The needle was held by a precision chuck 




Fig. 3.10 (a) Needle’s body and (b) its tip. 
 
In depth electrode insertion, a microelectrode may encounter a layer of tough tissue 
like the white matter fiber tract whose mechanical strength is higher than that of 
surrounding tissue [178]. Existence of a layer of tough tissue would cause buckling to 
the microelectrode. To simulate this situation, four layers of thin Parafilm (Pechiney 
Plastic Packaging Company, Chicago) were stacked together and placed in the gelatine 
to simulate a layer of tough tissue which would be encountered by the microelectrode 
during insertion. In the following, detailed design of the experiment will be explained. 
3.4.2  Design of the experiment 
Insertion experiment was carried out to (1) investigate rotation’s ability of eliminating 
the effects of minor tip asymmetry; (2) verify the existence of the anti-bending force; 
(3) investigate whether bending can be suppressed by controlling the rotational speed, 
and the magnitude of the rotational speed for deflection-free insertion. To realize these 
objectives, Parafilm was placed at two different locations in gelatine, on top of gelatine 
and 40 mm in gelatine (Fig. 3.11(b) and (c)).  
Insertion experiment was carried out on a precision drilling platform (Fig. 3.11 (a)) in 
an environment of about 24°C. The micro-needle was advanced into gelatine through 
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Parafilm at different rotational speeds with a fixed insertion rate of 2.0 mm/s. Under 
each rotational speed, insertion was repeated in the central area of the gelatine for five 
times as indicated in Fig. 3.11 (b) and (c)). Needle’s bending was captured by the 
camera and measured with reference to needle’s diameter. Besides, rotation may lower 
the penetration force exerted at needle’s tip, which in turn would reduce electrode’s 
buckling at encountering the same layer of tough tissue. In order to clarify penetration 
force’s effect on bending, the force required for penetrating Parafilm at different 
rotational speeds was measured with a strain gauge dynamometer (1.0 mN resolution).  
 
Fig. 3.11 (a) Experimental setup for the rotational insertion, and illustration of the 
Parafilm placed (b) 40 mm in gelatine and (c) on top of gelatine. 
3.4.3  Results and discussion  
(1) Rotation’s ability of compensating tip asymmetry  
Rotation’s benefit of compensating minor tip asymmetry has been verified by 
comparing needle’s deflections at different rotational speeds (Fig. 3.12). At 0 rpm, 
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deflection occurred in the early stage of insertion and became significant as the needle 
encountered Parafilm placed 40 mm in gelatine as shown in Fig. 3.12(a). Deflection 
was thought to be caused by the bending force exerted at needle’s tip with a minor tip 
asymmetry which would be resulted from machining error [151]. Similar phenomenon 
was also observed in the insertion of a bevel-tipped needle [147, 149]. However, when 
rotation was introduced, deflection no longer occurred; instead, a straight trajectory 
was observed (Fig. 3.12(b) and (c)). This is because needle’s tip is continuously 
re-orientated in the rotational insertion. This would prevent the micro-needle deflect 
toward a specific direction during insertion, and a straight insertion trajectory can thus 
be guaranteed. 
 
Fig. 3.12 (a) Deflection in the non-rotational insertion, (b) and (c) are respectively the 
straight trajectory achieved at the rotational speed of 25 rpm and 50 rpm. Parafilm was 
placed 40 mm in gelatine, and the micro-needle would not encounter the Parafilm 
during insertion during this experiment. 
 
(2) Existence of the anti-bending force  
Needle’s bending at penetrating Parafilm located at two different positions in gelatine 
under the same rotational speed is compared in Fig. 3.13, from which existence of the 
anti-bending force can be confirmed. When the micro-needle was penetrating Parafilm 
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placed on top of gelatine, a significant bending was observed (Fig. 3.13(a)). However, 
under the same rotational speed of 50 rpm, 100 rpm or 200 rpm, no visible bending 
was observed when the needle was penetrating Parafilm placed 40 mm in gelatine (Fig. 
3.13(b)). The only difference between these two experiments was the existence of gel 
around needle’s body.  
 
Fig. 3.13 Needle’s buckling at penetrating Parafilm placed (a) on top of gelatine and (b) 
40 mm in gelatine under different rotational speeds. 
 
The needle in Fig. 3.13(a) was not surrounded by gelatine at penetrating Parafilm, and 
it didn’t receive any tissue reaction force. However, the needle in Fig. 3.13(b) was 
partially immersed in gelatine. If there were no anti-bending force exerted on needle’s 
body in Fig. 3.13(b), the micro-needle would have the same buckling as that seen in 
Fig. 3.13(a). A reasonable explanation for the disappearance of buckling in Fig. 3.13(b) 
would be the existence of anti-bending force. The anti-bending force successfully 
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suppressed buckling, and no detectable bending was observed in Fig. 3.13(b).  
(3) Rotational speed’s effect on cutting force 
The maximum forces at penetrating Parafilm placed on top of gelatine under different 
rotational speeds were measured with a 20 mm long 300 μm diameter micro-needle. A 
short needle was free-of buckling and could help eliminate buckling’s influence on the 
measured penetration force. The force under each rotational speed was measured for 
five times. The results are summarized in Fig. 3.14. It is shown that the penetration 
force reduces with the increase of the rotational speed. At 0 rpm, the penetration force 
was about 0.58 N; at 1000 rpm, the penetration force was just about 0.22 N, 62% 
smaller than that at 0 rpm. Reduction in the penetration force is thought to be the main 
cause for the decrease of needle’s bending in Fig. 3.13(a).  
However, at a small rotational speed (0-75 rpm), reduction in the penetration force was 
not evident. This finding is similar to that in another reference study [153]. Change in 
the penetration force was evaluated by t-test. At a speed of 100 rpm or larger, reduction 
in the penetration force is significant (p<0.001), implying that reduction in the 
penetration force also contributes to the disappearance of bending at a larger rotational 
speed (≥100 rpm). However, at a low rotational speed (≤75 rpm), p-value is larger 
than 0.5, implying no significant change in the penetration fore as the speed changes 
between 0 rpm and 75 rpm. Therefore, if evident change in needle’s bending were 





Fig. 3.14 The maximum force measured at penetrating Parafilm under different 
rotational speeds.  
 
(4) Rotation’s effect on bending/deflection 
Needle’s bending at lower rotational speeds (0 rpm, 25 rpm, and 50 rpm) was further 
compared. Successive frames of needle’s bending\deflection at penetrating Parafilm 
placed 40 mm in gelatine are provided in Fig. 3.15. Maximum bending\deflection at 
different speeds are compared in Fig. 3.16. It is shown that needle’s maximum bending 
decreases with the increase of rotational speed. At 0 rpm, deflection was observed; it 
occurred at an early stage of insertion and became larger with further insertion (Fig. 
3.15(a)). This is thought to be caused by the minor tip asymmetry as previously 
discussed. At 25 rpm, an evident bending was detected at penetrating Parafilm (Fig. 
3.15(b-2) and (b-3)). However, no discernable bending was observed at 50 rpm (Fig. 
3.15(c)). At a rotational speed of 75 rpm or larger, bending-free insertion was also 
realized (Fig. 3.13 (b) and Fig. 3.16). Based on these findings, it can be seen that 
needle’s bending at penetrating a layer of tough tissue can be successfully suppressed 
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by controlling the rotational speed. 
 
Fig. 3.15 Successive frames of needle’s deflection/bending as the micro-needle was 
penetrating Parafilm placed 40 mm in gelatine at (a) 0 rpm, (b) 25 rpm, and (c) 50 rpm. 
 
Evident change in needle’s bending at 0-50 rpm would be mainly caused by the 
increased anti-bending force. Rotation’s effect on the penetration force at a low 
rotational speed (≤ 75 rpm) has been proven insignificant as shown in Fig. 3.14. A 
reasonable explanation for the disappearance of bending at 50 rpm would be the 
increased anti-bending force. The anti-bending generated at 50 rpm was larger than 
that generated at 25 rpm, thus the bending which had occurred at 25 rpm was 
successfully suppressed by the increased anti-bending force at 50 rpm. 
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Another phenomenon worth noting is the correction of bending at 25 rpm (Fig. 
3.15(b)). Bending is inherently caused by a larger cutting force at penetration the tough 
Parafilm during insertion. After penetration of the Parafilm (Fig. 3.15(b-4)), the 
bending cannot change abruptly because of inertia, thus the anti-bending force exerted 
on the bending needle would stay the same; in contrast, the cutting force exerted on 
needle’s tip which caused needle bending would decrease instantly upon the 
penetration of the Parafilm. Thus, the equilibrium state would be interrupted, and the 
anti-bending force would push the bending micro-needle into its bending-free position. 
 
Fig. 3.16 Rotational speed’s effect on bending/deflection in the rotational insertion. 
 
In summary, the reason for reduced bending should be differently explained with 
reference to the rotational speed used for electrode insertion. At low rotational speeds 
(0~75 rpm), the penetration force is nearly constant as shown in Fig. 3.14; the main 
reason for decreased bending in this speed range would be increased anti-bending 
force at a larger rotational speed. However, at high rotational speeds (>75 rpm), 
penetration force which causes bending evidently decreases, decreased penetration 
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force helps reduce bending; thus the successfully suppressed bending observed at high 
rotational speeds would be a collaborative effect of both the reduce penetration force 
and the increased anti-bending force at a larger rotational speed. 
As for the disappearance of bending at a larger speed (≥100 rpm), it would be the 
collaborative effect of increased anti-bending force and reduced penetration force. 
Based on above findings, it can be seen that by controlling the rotational speed for 
insertion, the micro-needle can be inserted deep into the viscoelastic brain tissue 
through a layer of tough material without deflection. Experimental findings confirmed 
the existence of anti-bending force in rotational insertion and also verified the 
theoretical prediction that the magnitude of anti-bending force increases with the 
increase of the rotational speed. Another most important experimental finding is the 
existence of a threshold rotational speed (TRS) for deflection-free insertion. In the 
experimental configuration used in this study, the experimentally observed TRS is 50 
rpm. When insertion was performed at a rotational speed of 50 rpm or larger, 
deflection-free insertion was realized. Contemporarily, it is hard to accurately predict 
TRS using the theoretical approach due to the lack of accurate tissue-electrode 
interaction model and the lack of accurate constitutive models for brain tissue. 
Experiment would be a reliable way to acquire TRS in a specific insertion scenario. 
(5) Mechanism of rotational deflection-free insertion 
In rotational insertion, two cardinal factors for deflection-free insertion of a 
micro-needle into deep brain are respectively the conical tip and continuous rotation at 
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a given rotational speed. The conical tip helps guarantee a straight insertion trajectory 
before encountering a layer of tough tissue (Fig. 3.12(b) and (c)), while a bevel tip 
would inherently leads to deflection and is thus not desired [147, 148]. As for rotation, 
it helps compensate the minor tip asymmetry by continuously re-orienting the tip; most 
importantly, rotation can help generate a dynamic anti-bending force in the case of 
minor buckling. The anti-bending force always exists until the disappearance of 
bending. Moreover, the magnitude of this force increases with the increase of the 
rotational speed. By controlling the rotational speed, it is possible to realize 
deflection-free insertion of a conically tipped micro-electrode through a layer of tough 
tissue into phantom brain tissue. 
In previously studies, rotation was attempted for the insertion of bevel-tipped needles. 
Reduction in deflection was reported at 50 rpm, but a deflection of about 0.65 mm still 
existed at the insertion depth of 40 mm [154]. Similar phenomenon was observed at a 
speed of up to 101 rpm [153]. Minhas et al. claimed straight insertion of a 0.28 mm 
diameter bevel-tipped needle, but small curvatures still existed and a large speed of 
120 rpm was used [156]. In another study, an even larger speed of 240 rpm was tried 
[183]. In these studies, the tissue reaction force exerted on needle’s body was not 
sufficiently appreciated, and none of them investigated rotational speed’s effect on 
buckling as the micro-needle encountered a layer of tough tissue which always occurs 
in the real-life operation. In this study, we investigated how a micro-needle would react 
at encountering a layer of tough material in rotational insertion. For the first time, we 
found that micro-needle’s buckling at penetrating a layer of tough tissue can be 
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successively suppressed or prevented, and by controlling the rotational speed, a 
micro-needle could be inserted deep into brain without deflection.  
The mechanics-based model developed in this paper can faithfully explain the 
interaction between the rotational speed and the dynamic anti-bending force which can 
help suppress buckling. This is the first step toward uncovering the mechanism behind 
the deflection-free rotational insertion. Currently, it is difficult to theoretically predict 
the accurate threshold rotational speed (TRS) for bending-free insertion. The main 
reasons are: (1) lack of accurate material model representing brain tissue’s response 
under various loadings conditions especially in vivo [139, 141, 142, 144, 146, 165, 
184]; and (2) lack of accurate tissue-electrode interaction model and also the 
difficulties in accurately predicting the cutting force exerted at needle’s tip which 
causes buckling [147, 148]. Currently, experimental investigation is an effective 
method for the acquisition of TRS. But advanced modeling techniques are needed for 
accurate prediction of TRS for deflection-free insertion, which is crucial for reliable 
simulation of electrode insertion in neurosurgery. 
Findings from this study would lay the foundation of a new method for accurate 
insertion of a micro-electrode deep into brain for neural activities recording or 
stimulation. Conventionally, a deep brain microelectrode is inserted with the support of 
a thicker cannula [185, 186]. The rotational insertion method developed in this study 
can realize direct and deflection-free insertion of a microelectrode without the cannula. 
Findings from this study need to be further validated on real brain tissue. Another issue 
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needs further investigation is the rotation induced tissue damage. Although a small 
speed of 50 rpm is found useful for deflection-free insertion, rotation would introduce 
an additional torsional friction force, and the tissue damage caused by this torsional 
friction needs to be investigated.  
3.4.4  Conclusion 
A rotational insertion method for deflection-free insertion of a microelectrode deep 
into the brain has been developed. This study investigates how a microelectrode would 
react as it encounters a layer of tough tissue in rotational insertion. It is found that 
rotation can help generate a dynamic anti-bending force which can be used to suppress 
electrode’s buckling, and this force becomes larger with the increase of rotational 
speed. Thus, deflection-free insertion can be realized by controlling the rotational 
speed at which insertion is performed. Effectiveness of the proposed deflection-free 
insertion method has been verified through insertion experiment on phantom brain 
tissue. By controlling the rotational speed to be 50 rpm or larger, a 300 μm 
microelectrode can be inserted into tissue phantom through a layer of tough tissue 
without deflection. With the method developed in this study, a microelectrode can be 
accurately delivered into deep brain in a minimally invasive manner for neural activity 
sensing or stimulation.  
3.5  Summary  
In this chapter, a novel rotational insertion method has been developed for 
deflection-free insertion of a microelectrode deep into brain. Key findings from this 
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chapter are summarized in the following. 
(1) A novel deflection-free insertion method has been developed in this chapter. By 
controlling the rotational speed at which insertion is performed, a microelectrode can 
be implanted through a layer of tough tissue into deep brain without deflection.  
(2) A mechanics-based model has been developed to analyze how a microelectrode 
would react as it encounters a layer of tough tissue in rotational insertion. It is found 
from theoretical analysis that a dynamic anti-bending force would be generated when a 
minor buckling occurs in rotational insertion, and the magnitude of this force increases 
with the increase of the rotational speed.  
(3) Existence of the dynamic anti-bending force has been experimentally verified. It is 
found in experiment that when insertion was performed at a large enough rotational 
speed, the micro-needle can be inserted deep into brain tissue phantom through a layer 
of tough tissue without deflection.  
(4) Deflection-free insertion of a conically tipped microelectrode into deep brain can 
be realized by controlling the rotational speed at which insertion is performed. The 
conical tip and a large enough rotational speed are two important factors for 
deflection-free rotational insertion. The conical tip helps guarantee a straight insertion 
trajectory. Rotation is used to generate a dynamic anti-bending force to suppress or 
even prevent electrode’s buckling at encountering a layer of tough tissue.  
(5) Deflection-free insertion can make sure that a fine target located deep in brain can 
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be accurately reached and sufficiently stimulated by the microelectrode, which can 
help improve the efficacy of deep brain stimulation. 
(6) The developed deflection-free insertion method can realize electrode insertion in a 
minimally invasive manner. In rotational insertion, a microelectrode can be directly 
implanted into deep brain without the support of a rigid cannula. Thus, the tissue 




Chapter 4. Development of Ultrasonic Vibration Assisted 
Micro-hole Forming Technique for Microelectrode Insertion 
In the last chapter, a method for deflection-free insertion of a microelectrode deep into 
brain has been developed. For electrode insertion, a burr hole needs to be opened on 
skull. As discussed in Chapter 2, DBS’s invasiveness and low targeting accuracy is 
closely related to the opening of a large bur hole on skull. Conventionally, a burr hole 
with a diameter of a few millimeters (even up to 15 mm) is generated, which is 
invasive. At the same time, leakage of cerebrospinal fluid (CSF) from the large burr 
hole would make brain “sink” or shift inside skull. Due to brain shift, the stimulation 
target would move away from the preoperatively determined position in skull. In this 
situation, even if a microelectrode is accurately inserted into brain along the planned 
trajectory without deflection, because the target no long stays at the pre-determined 
position, the implanted microelectrode cannot accurately reach the target as planned. 
Thus, targeting error would be resulted. 
Generation of a micro-burr hoe on skull for microelectrode insertion can help deal with 
these problems. Technically, a micro-burr hole on skull is enough for the insertion of a 
microelectrode into brain. Compared with the conventional burr hole opening 
operation, micro-burr hole generation on skull is less invasive. Furthermore, by 
opening a micro-hole with the same diameter as that of the microelectrode, once the 
electrode is inserted into brain, the micro-hole would be sealed by the inserted 
microelectrode. Thus CSF cannot leak out from the opened burr hole. This can help 
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increase targeting accuracy by minimizing the brain shift caused by CSF leakage. 
Currently, micro-burr hole generation on skull has not been realized. In this chapter, a 
novel technique for generating a micro-hole on skull for the insertion of a 
microelectrode into brain will be developed. Since the micro-hole is to be generated on 
skull, a brief introduction on the properties of human skull would be desired.  
4.1  Introduction 
Skull is a boney structure protecting brain from external impact or damage. Beneath 
the skull are three layers of meninges (dura mater, pia mater and arachnoid mater) as 
illustrated in Fig. 4.1 [187]. Dura mater is the outermost and also the toughest fibrous 
membrane among the three; pia mater is the innermost and delicate vascular membrane 
covering brain; the arachnoid mater sandwiched between dura and pia is an avascular 
membrane. The space between pia mater and arachnoid mater is a reservoir for 
cerebrospinal fluid as illustrated in Fig. 4.1 which is prepared based on Ref. [187].  
 
Fig. 4.1 Scalp, skull and the underlying meninges [187]. 
 
CSF is a colorless and clear fluid circulating in brain and spine which performs as a 
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cushion/buffer for brain. In conventional burr hole opening, CSF leakage out of a large 
burr hole would cause brain sink inside skull, eventually leading to target error. During 
the micro-burr hole generation, the skull bone should be selectively perforated without 
penetrating the underlying membranes to prevent CSF leakage.  
As for the skull, it has a typical three-layer structure with a thickness of 4-7 mm as 
illustrated in Fig. 4.2 [188, 189]. The two outer layers are cortical/compact bone, and 
the sandwiched layer is cancellous/spongy bone. Cortical bone and cancellous bone is 
similar in composition and are mainly composed of collagen matrix mineralized with 
carbonated apatite [190-192]. The mineral takes up about 65% of skull’s overall weight, 
the organic (mainly collagen) takes up about 25%, and the left is water [192]. However, 
cortical and cancellous bone are different in structure. Cortical bone is composed of 
densely compacted mineralized collagen lamellae, and has a low porosity of about 
5%-10% [192, 193]. Cancellous bone has a highly cross-linked 3D architecture which 
is composed of mineralized collagen plates and rods (also called trabecular), due to 
which it has a high porosity of about 70%-95% [193].  
 
 






Because of the structural difference, cortical bone is stronger than cancellous bone. 
The Young’s Modulus of cortical bong varies from 5 GPa to 45 GPa, while that of 
cancellous bone is just up to about 3 GPa [194-196]. Another thing worth noting is the 
tough viscoelastic periosteum, a thin fibrous membrane mainly composed of collagen, 
which can be taken as a layer of collagen coating on the skull bone [197, 198]. The 
polymer-like periosteum may influence the generation of exit burr when skull bone is 
penetrated by a micro-tool. 
4.2  Ultrasonic vibration assisted micro burr hole forming 
Burr hole is an entrance opened on skull to enable the insertion of a thin surgery tool 
into brain for medical treatment or diagnosis [199-201]. It is frequently used in 
surgical operations. For example, in the treatment of brain tumor, a thin trocar is 
inserted into brain through a burr hole to harvest tumor tissue for examination [199]; in 
cryogenic neurosurgery, a specially designed freezing cannula is delivered into brain 
through a burr hole to kill tumor tissue by freezing [200]. Conventionally, burr hole 
perforation is realized by a cranial perforator as illustrated in Fig. 4.3(www.adeor.com), 
and this kind of devices have been used for decades in neurosurgery [199-203].  
 
Fig. 4.3 Burr hole opening by MERIDIANTM cranial perforator. 
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Despite its wide application, there are a few serious problems with burr hole drilling. 
Firstly, this operation is invasive and unsafe. The rotating drill bit will damage and 
remove any material it encounters. In the case of burr hole perforation, there is a layer 
of dura mater beneath skull which encloses and protects the brain [197, 204]. At 
bone-dura interface, over-run of the rotating drill bit would damage dura mater and 
even the brain [199-203]. Secondly, it is very difficult to drill a micro-hole on the hard 
skull bone. A micro drill bit would be too weak to withstand the large drilling 
force/torque; the micro drill bit would fracture instead of generating a micro-hole on 
skull. Tool fracture is a serious safety issue in neurosurgery. Thus, a new micro-hole 
generation technique is desired to make the burr hole opening operation safer and less 
invasive. The novel micro-hole forming technique developed in this chapter is inspired 
by the research carried out on ultrasonic vibration assisted machining. 
Ultrasonic machining techniques like ultrasonic vibration assisted lapping, drilling or 
grinding have been widely used for micro-hole fabrication. With the aid of high 
precision machine tools, micro-holes with a diameter of a few microns can be 
fabricated by ultrasonic vibration assisted lapping on hard and brittle materials like 
glass or silicon [205]. However, fine abrasive particles are needed for material removal 
in lapping, making this technique unsuitable for surgical application [205, 206]. In 
contrast, free abrasive particles are not required in ultrasonic vibration assisted rotatory 
machining like drilling or grinding. With the assistance of ultrasonic vibration, it is 
possible to fabricate small holes with a large depth-diameter ratio on various materials 
like bone and composites [207-210]. However, the rotating tool still poses a threat to 
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the soft tissue beneath skull. Despite this flaw, an important finding in this sphere is 
that ultrasonic vibration can help reduce the cutting forces/torque experienced by the 
rotatory machining tool [211]. This finding inspired the concept of forming a 
micro-hole by penetrating a micro-tool into skull with the assistance of ultrasonic 
vibration. If high-amplitude ultrasonic vibration could be applied onto a micro-tool, 
when the micro-tool is penetrated into bone, bone tissue would be squeezed aside to 
form a micro-hole on skull.  
A typical ultrasonic vibration system is composed of an ultrasonic driver/generator, a 
transducer, a horn and the tool [205]. The ultrasonic driver converts low-frequency 
electrical power into high frequency electrical power and supplies it to the transducer. 
Core component of the transducer is a piezoelectric plate which converts the electrical 
energy into mechanical vibration. Amplitude of the mechanical vibration can be 
modulated by the horn which transmits the mechanical vibration to the tool. At the 
distal end of the horn is the ultrasonic tool which is specially designed to interact with 
hard bone tissue. High intensity low frequency ultrasonic vibration is widely used in 
medical areas to fragment bone tissue [212-218]. The ultrasonic vibration system (with 
the tool attached at its end) used in this study has a resonant frequency of 29.7 kHz. 
For the ultrasonic tool vibrating at frequency f and amplitude A, when it is fed into the 
skull bone at a feed rate of v0, position and velocity of the tip of the ultrasonic tool are 
respectively expressed in Eq. 4.1 and Eq. 4.2. 
0( ) sin(2 )u t A ft v t                        
                       (4.1)  
0( ) / 2 cos(2 )du t dt fA ft v                     
                       (4.2) 
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As revealed from Eq. 4.2, if a large amplitude is used, the ultrasonic tool would get 
into contact with the skull bone at a very high instant speed. If vo < 2𝜋fA, the 
ultrasonic tool will periodically separate from the skull bone; if vo ≥ 2𝜋fA, the 
ultrasonic tool is in continuous contact with bone [219]. In the hole forming process, 
intermittent contact between the ultrasonic tool and bone is desired. Otherwise, bone 
necrosis will be resulted from overheating generated by the continuous contact [220, 
221]. Thus, a feed rate smaller than 2𝜋fA is used in this study. It is anticipated that 
with the assistance of ultrasonic vibration, a micro-hole can be formed on skull by 
penetrating a micro-tool into skull bone. In the following, experiment will be carried 
out to verify the effectiveness of this ultrasonic vibration assisted micro-hole forming 
technique.  
4.3  Experiment 
4.3.1  Bone sample preparation 
Skull bone harvested from the central part of the skull of 2-year old dead cats was used 
in the experiment. Bone samples with a three-layer sandwiched structure were 
prepared to be 10 mm long and 4 mm wide. The thickness of the bone samples was 
about 1.5 mm. After sterilization using alcohol, bone samples were preserved in 
physiological saline solution (24°C) to keep them hydrated. Before experiment, the 
bone sample was taken out of the saline solution, dried with tissue paper, and secured 
onto a specially designed fixture. Experiment was carried out in an air-conditioned 
environment (about 24°C). 
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4.3.2  Experimental setup   
3D model of the ultrasonic device (supplied from Hangzhou Success Ultrasonic 
Equipment Co., Ltd., China) used in this study is shown in Fig. 4.4 (a). This device has 
a 300 μm diameter ultrasonic vibration tool with a taper shank (Fig. 4.4(b)). According 
to the technical specifications provided by the manufacturer, this system has a resonant 
frequency of 29.7 kHz (with the micro-tool attached onto the system), and maximum 
amplitude at the tip of the micro-tool is 75 μm (peak-peak amplitude of 150 μm). The 
vibration amplitude can be changed by adjusting the output power of the ultrasonic 
driver. A larger amplitude can be acquired at a higher power level.  
 
Fig. 4.4 (a) Solid model of the ultrasonic vibration device, (b) the micro ultrasonic 
vibration tool, (c) schematic diagram of the experimental setup, and (d) tool-bone 
interaction during experiment. 
 
A schematic diagram of the experimental setup is shown in Fig. 4.4(c). The ultrasonic 
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device was mounted onto a vertically placed translation table driven by a step motor. 
The bone sample was secured onto a fixture with its outer surface placed upward, and 
the fixture was mounted onto a dynamometer which was placed right below the 
ultrasonic vibration tool (Fig. 4.4(d)). The dynamometer (1.0 mN resolution) was used 
to measure and record the thrust force in the hole forming process. Feed rate of the 
ultrasonic vibration tool toward the bone sample was 0.2 mm/s, which was smaller 
than 2𝜋fA as calculated using Eq. 4.2. 
4.3.3  Design of the experiment 
In the hole forming process, tip geometry of the ultrasonic tool may have a great 
influence on the forming performance. A blunt-tip would generate a hole in a manner 
similar to punching, which would lead to a large axial force or even tool fracture. Since 
the aim of this pilot study is to verify the effectiveness of the proposed ultrasonic 
vibration assisted micro-hole forming technique, a 300 μm diameter 60° 
conically-tipped tool (tip radius: about 50 μm) was used, and hole forming experiment 
was carried out at three different power levels 99%, 60% and 40%, which respectively 
corresponded to ultrasonic vibration of high, medium and low amplitude. The method 
for controlling vibration amplitude is similar to that used in the reference study [222]. 
Under each amplitude, 12 holes were generated. The thrust force exerted on the bone 
sample in the hole forming process was recorded by the strain gauge dynamometer for 
later analysis. Micro-structure of the bone tissue around the formed micro-hole was 
observed using scanning electron microscopy (SEM) to investigate the mechanism of 
ultrasonic vibration assisted micro-hole forming on skull. 
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4.4.  Results and discussion 
A typical evolution of the thrust force in the hole forming process is shown in Fig. 4.5. 
A few important features can be detected in this force curve. Tool-bone contact firstly 
occurred at point A and an abrupt increase in the thrust force was observed 
subsequently. At point B, the thrust force reached a peak value and started to reduce, 
which means that the outer layer of cortical bone had been penetrated and the tool 
started to advance into the sandwiched spongy bone. Due to spongy bone’s high 
porosity and low mechanical strength, the thrust force decreased after point B. When 
the tool got into contact with the inner layer of cortical bone at point C, the thrust force 
increased again. Penetration of the bone began at point D and finished at point E. After 
point E, a small force still existed. This is thought to be caused by the friction between 
the generated exit burr and the ultrasonic vibration tool. Thus, point E can be taken as 
the termination point of the hole forming process. 
  




Therefore, it is possible to monitor the hole forming process by measuring the thrust 
force. Upon detection of the hole forming termination point E in the force curve, the 
skull bone would have been penetrated, and the ultrasonic vibration tool can be 
stopped and withdrawn. No damage would be caused to the soft tissue like dura mater 
beneath the skull bone, and the cerebrospinal fluid (CSF) around the brain will not leak 
out. Besides, it has been verified in other studies that accident contact between the 
ultrasonic vibration tool and the soft tissue would not cause evident damage to soft 
tissue [218, 223]. This finding would help eliminate the concern over the safety issue 
of the proposed ultrasonic vibration assisted micro-hole forming technique.  
4.4.1  Ultrasonic vibration assisted penetration 
It is found in the experiment that when the micro-tool was fed into bone without 
ultrasonic vibration, the tool would break instead of advancing into the bone. However, 
with the assistance of ultrasonic vibration, a micro-hole could be successfully formed 
on the hard skull bone by the 300 μm diameter ultrasonic vibration tool. In order to 
further investigate the effects of vibration amplitude, micro-hole forming experiment 
was carried out under three different amplitudes. The maximum thrust forces in the 
hole forming process under different amplitudes were calculated. The averaged 
maximum thrust force for micro-hole forming under each vibration amplitude is shown 
in Fig. 4.6.  
It can be seen that the maximum thrust force decreases dramatically with the increase 
of the vibration amplitude. This trend is consistent with that observed in ultrasonic 
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vibration assisted drilling of cortical bone [224]. Divide the maximum thrust force by 
the cross-sectional area of the 300 μm diameter tool. The apparent ultimate stress ζap 
experienced by the bone tissue in the hole forming process can be acquired. The 
calculated average apparent ultimate stress ζap at the 40%, 60% and 99% power level 
is respectively about 186.8 MPa, 49.5 MPa and 28.0 MPa.  
 
Fig. 4.6 The effect of vibration amplitude on the maximum thrust force. 
 
Fitting these data by a linear equation using the method of least square, the relationship 
between vibration amplitude and bone’s apparent ultimate strength is shown in Eq. 4.3.  
0 240ap                                                      (4.3) 
where, ζap (unit: MPa) is the apparent ultimate strength of the skull bone; σ0 (247.2 
MPa) is the calculated nominal ultimate strength of cortical bone, which is of the same 
order of magnitude with that reported in other studies [194-196]. χ denotes the 
vibration amplitude, which is represented by the power level in percentage (from 0 to 
100%), and a larger χ means a higher vibration amplitude. In order to get a deeper 
understanding of tool-bone interaction under different vibration amplitudes, finite 
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element analysis is carried out in the following. 
4.4.2  Finite element analysis of vibration amplitude’s effect 
Finite element analysis of tool-bone interaction was carried out with Abaqus/Explicit. 
Cortical bone’s Young’s modulus and Poisson ratio used in the simulation were 
respectively 15 GPa and 0.3 [225, 226]. Density of cortical bone was 1650 kg/m
3 
[194]. 
Cortical bone’s plastic behavior was represented by the Johnson-Cook (JC) model as 
defined in Eq. 4.4 which has been widely used in the simulation of bone cutting or 
drilling [190, 227, 228]. When the temperature change is small, temperature’s effect on 
yield stress can be neglected. Eq. 4.4 can be simplified to Eq. 4.6 [229]. Constants in 
JC model adopted from a reference study are summarized in Table 4.1 [190]. 
*
0( , , ) [ ][1 ln( / )][1 ]
nT A B C T     
  









                                                     (4.5) 
0( , ) [ ][1 ln( / )]
nA B C     
  
                                      (4.6) 
where, A and B are material constants, n and m are respectively the strain hardening 
component and temperature sensitivity, T0 and Tm are the initial temperature and the 
melting temperature, respectively.  
Table 4.1 Material properties of cortical bone used in the simulation 
Elastic properties Plastic properties (JC model) 
Young Modulus 15 GPa A 50 MPa n 0.08 
Poisson’s ratio 0.3  B 101 MPa m 0 
Density 1650kg/m
3








As for bone tissue’s failure strain/stress, it is affected by the strain rate [190, 226]. For 
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the micro-tool vibrating with the amplitude of 75 μm and the frequency of 29.7 kHz, 
its peak speed can be up to 14 m/s, while its lowest speed is just 2.0×10
-4
 m/s. Thus, 
bone’s strain rate would experience dramatic fluctuations. To incorporate this effect, 
published data on cortical bone’s failure strain under different strain rates as shown in 
Fig. 4.7 was adopted in the simulation [190].  
 
Fig. 4.7 Strain-stress curves of bovine cortical bone under different strain rates [190]. 
 
3D model of the tool-bone interaction established in ABAQUS/Explicit is shown in 
Fig. 4.8. The 300 μm diameter tool was modeled as a rigid body and constrained in all 
directions except the translation along the z axis. Ultrasonic tool’s motion along the z 
axis was defined by Eq. 4.1, in which f was 29.7 kHz and vo was 0.2 mm/s. Perimeter 
of bone sample’s bottom surface was constrained in the x, y, and z directions. The 
sidewall was not constrained, enabling the tissue to move aside upon the penetration of 
the micro-tool, which is consistent with the real situation. In the central part, the bone 
sample was portioned to a 0.4 mm diameter cylinder. This central part was meshed 
with fine elements and it totally had 400,000 C3D8R elements. Outer part of the bone 
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was meshed with 110512 C3D4 elements for better computation efficiency. In the 
simulation, distortion control with a length ratio of 0.1 was adopted to prevent 
pre-mature termination of the computation which may be caused by extremely large 
element distortion. Tool-bone interaction was defined as general contact/explicit. 
Friction was not considered due to transient tool-bone contact under ultrasonic 
vibration. Simulation was then carried out to help get a deeper understanding of bone’s 
deformation behavior under ultrasonic vibration. 
 
Fig. 4.8 3D finite element model of tool-bone interaction in Abaqus. 
 
Development of the stress in bone tissue ahead of the conical tip in two successive 
cycles of ultrasonic vibration (75 μm amplitude) is shown in Fig. 4.9. The penetration 
forces experienced by the micro-tool under different vibration amplitudes are 
compared in Fig. 4.10. Under different amplitudes, penetration depth of the conically 
tipped tool into bone in a single cycle of ultrasonic vibration is different. At a larger 
amplitude, the indentation depth is larger, more tissue would be deformed, and the 
thrust force could be larger. In order to compare the thrust force under different 
amplitudes, volume of the tissue deformed should be considered. The thrust force is 




Fig. 4.9 Distribution of equivalent stress (MPa) in bone at different depth of 
indentation under the amplitude of 75 μm. 
 
It can be seen in Fig. 4.9(a) that as the indentation depth increases, tissue deformation 
accumulates, bone tissue ahead of the tip would experience plastic deformation, and a 
small pile-up develops around the conical tip as shown in Fig. 4.9(a1-a3). At the same 
time, an increased penetration force is experience by the conical tip as shown in Fig. 
4.10(a). When the micro-tool retracts, the deformed tissue would experience elastic 
recovery, and the stress in bone tissue decreases (Fig. 4.9(a4-a5)); meanwhile, a 
reduction in the penetration is also observed (Fig. 4.10(a)). After tool retraction, 
residual stress exists in the sub-surface layer due to the plastic deformation as shown in 
Fig. 4.9(a-5). The residual plastic deformation would influence subsequent tool-bone 
interaction. In the second cycle of ultrasonic vibration, tool-bone contact occurs a little 
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later than that in the first cycle, the stress in bone tissue at the same indentation depth 
is smaller than that in the first cycle of vibration as revealed by comparing Fig. 4.9(a3) 
and (b3).  
 
 
Fig. 4.10 Penetration force acquired from simulation. (a) Comparison of the 
penetration force exerted on the micro-tool under different vibration amplitudes; (b) 
evolution of the penetration force with the advancement of the micro-tool into bone. 
 
The penetration force is also smaller in the second or third round of the tool-bone 
interaction at the amplitude of 45 μm or 75 μm as shown in Fig. 4.10(a). But, decrease 
in the penetration force is not evident under the amplitude of 30 μm (see Fig. 4.10(a)). 
This is likely because at a shallow indentation depth of 30 μm, no evident tissue 
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damage is resulted from the first cycle of tool indentation. Thus, the thrust force in the 
second or third round of tool-bone interaction doesn’t reduce evidently. In reality, 
micro-cracks would initiate and develop in bone tissue under ultrasonic vibration. This 
would promote tissue failure and reduce the penetration force in the second or third 
round of tool-bone interaction under a small amplitude of 30 μm. Due to the lack of 
available constitution models, bone tissue’s brittle behaviors were not incorporated in 
this simulation model. This could be an important area for future study. 
The penetration forces under different vibration amplitudes are compared in Fig. 
4.10(a). It can be seen that the thrust force decreases with the increase of vibration 
amplitude. This is consistent with the experimental findings shown in Fig. 4.6. 
Amplitude’s effect on penetration force is thought to be related with cortical bone’s 
strain-rate dependent properties. As experimentally observed, cortical bone fails at a 
smaller strain under a higher strain rate [190]. A higher strain rate would be 
experienced by bone tissue at a larger amplitude, leading to fracture of bone tissue at a 
smaller strain/deformation. Thus, a smaller penetration force would be resulted. 
Besides, under a larger amplitude, intensity of tool-bone interaction is stronger, and 
more micro-cracks would be initiated. Crack propagation also promotes the failure of 
bone tissue and helps reduce the penetration force under a larger vibration amplitude. 
Another important phenomenon observed is that the penetration force becomes larger 
with the increase of time or penetration depth as shown in Fig. 4.10(b).This is because 
as the micro-tool is advanced into bone, more tissue is deformed in a single cycle of 
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vibration, leading to a larger penetration force exerted on the micro-tool. The average 
force acquired from simulation is further compared with the measured force in the 
inset of Fig. 4.10(b). A similar increasing trend is observed in both curves. But, the 
simulated force is larger than the measured force. This may be related with bone’s 
brittle behavior. Crack propagation in bone under ultrasonic impact could promote 
tissue failure. This leads to a smaller penetration force observed in the experiment. 
Besides, as revealed in Fig. 4.9, because of the high intensity tool-bone impact, bone 
tissue ahead of the tool would undergo plastic deformation, which would have changed 
the micro-structure of bone tissue around the generated micro-hole. In order to 
investigate ultrasonic vibration’s effect on the micro-structure of bone tissue, bone 
samples were observed under SEM and the results are shown in the next part. 
4.4.3  Microstructure of bone tissue around formed holes 
In order to observe the microstructure of the bone tissue, the formed micro-holes were 
cleaved perpendicular to its axis and observed using SEM. Acquired SEM images are 
shown in Fig. 4.11. A layer of dense tissue can be observed around the hole and a 
dramatic change in the microstructure of bone tissue along the radial direction can be 
clearly detected in Fig. 4.11(b). For the bone tissue far from the formed hole, layers of 
mineralized collagen lamellae can be observed and many voids can be detected as 
shown in Fig. 4.11 (c). This structure is similar to that reported in the reference study 
[192]. However, for the bone tissue around the hole, it is densely compacted, and 




Fig. 4.11 SEM images of the microstructure around the formed hole. (a) Cross section 
of the micro hole, (b) the dense layer around the hole, (c) microstructure of the intact 
bone, and (d) microstructure of the dense layer.  
 
The formed micro-hole was also cleaved longitudinally to observe its inner surface. 
SEM images on the micro-texture of the formed micro-hole are shown in Fig. 4.12. 
The formed micro-hole is found to have a smooth inner wall (Fig. 4.12 (a)). Many 
micro-grooves can be observed on the inner surface along the feed direction (Fig. 4.12 
(b)), which is thought to be caused by the friction between the tool and the inner wall. 
At a smaller scale, the inner wall is revealed to have a micro-texture different from that 
of the intact bone [230]. The intact bone is composed of layers of mineralized collagen 
lamellae (Fig. 4.12(c)). However, there are numerous pits on the surface of the inner 
wall (Fig. 4.12(d)), which is similar to the texture of the surface prepared by shot 
peening [231]. This is thought to be caused by the high frequency “hammering” of the 




Fig. 4.12 SEM images of micro-hole’s inner surface. (a) The overall view, (b) 
micro-grooves on the inner wall, (c) microstructure of intact bone, and (d) 
micro-texture of the inner surface. 
 
4.4.4  Exit burr generated by the conically tipped tool 
An exit burr was generated at the penetration of bone by the ultrasonic vibration tool. 
When a conically tipped tool is used, a pyramid exit burr with multiple facets (usually 
between 3 and 5) would be generated. SEM images of a typical exit burr are shown in 
Fig. 4.13. On the inner side of the exit burr, a layer of dense tissue is found, and no 
lamella or void can be detected in the attached dense material as shown in Fig. 4.13 (b) 
and (c). This dense layer is thought to be resulted from the high-intensity tool-bone 
interaction. Under high frequency hammering of the ultrasonic vibration tool, the bone 
tissue ahead of the tool would be plastically deformed and pushed forward. The 
plastically deformed tissue would be forced to attach onto the inner side of the exit 




Fig. 4.13 SEM images of the exit burr. (a) The exit burr; (b) and (c) the dense layer on 
exit burr’s inner surface.  
 
As for the generation of the exit bur, it is thought to be related with crack propagation 
in the mineralized collagen lamellae (Fig. 4.14). As the tool is advanced through bone, 
the last few layers of bone lamellae cannot withstand the thrust force and will bulge 
out (Fig. 4.14(a) and (b)). Along with bulging, cracks will initiate and propagate along 
the radial direction due to the tension stress in the bulged bone lamellae as illustrated 
in Fig. 4.14 (b) and (c). At the same time, crack also initiates around the corner of the 
tool (point A in Fig. 4.14 (a)), and propagates in an oblique plane toward the surface of 
the skull bone with the advancement of the tool. 
The crack propagation plane can be observed after selective removal of one face of the 
pyramid burr as shown in Fig. 4.14(e) and (f). Besides, another important feature of the 
exit burr shown in Fig. 4.14(d)) is that unlike drilling or grinding, no chip is generated 
in the ultrasonic vibration assisted micro-hole forming process. The generated burr is 
still attached onto the bone and does not fall off. This is mainly due to the existence of 
periosteum on the inner surface of skull bone. This layer of soft tissue would deter 
crack propagation and “glue” the exit burr onto bone’s surface. The chip-free burr hole 
forming process would be beneficial since it can reduce the chance of infection which 
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could be caused by the falling of bone debris deep into the burr hole. 
 
Fig. 4.14 (a) Schematic diagram of the exit burr generation, (b) the bulged bone 
lamellae before burr generation, (c) crack propagation in the bulged bone lamellae, (d) 
the fully formed exit burr, and (e)-(f) the exposed crack propagation plane after 
selective removal of the exit burr. 
 
4.4  Summary 
In this chapter, a novel method for generating a micro-hole on skull with the assistance 
of ultrasonic vibration has been developed. Main findings from this chapter are 
summarized as follows.  
(1) Micro-hole forming on skull is realized by a conically tipped micro-tool with the 
assistance of ultrasonic vibration. With the assistance of high-amplitude ultrasonic 
vibration, a micro-tool can penetrate skull bone by squeezing bone tissue aside.  
(2) The effectiveness of the micro-hole forming technique has been experimentally 
verified. A 300 μm micro-hole was successfully generated on animal skull with the 
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assistance of ultrasonic vibration, which is the first in the world according to our 
literature study.  
(3) The technique developed in this chapter will make the burr hole opening operation 
minimally invasive. This pioneering technique has the capability of generating a 
micro-hole on skull which cannot be realized by conventional burr hole drilling or 
grinding techniques. The micro-hole generation causes less tissue damage and is 
minimally invasive.  
(4) The developed technique is safe. Unlike the rotating tools such as the drill bit, the 
ultrasonic tool is safe and doesn’t pose a threat to the soft tissue beneath skull. A 




Chapter 5. Optimization of Ultrasonic Vibration Assisted 
Micro-hole Forming Technique 
5.1  Introduction  
Feasibility of the ultrasonic vibration assisted micro-hole forming technique has been 
verified in the last chapter [232]. In order to make this technique clinically useful, the 
micro-hole should be formed with high quality and high accuracy. Quality and 
accuracy of micro-hole forming are influenced by tool-bone interaction. In ultrasonic 
vibration assisted micro-hole forming process, tip of the ultrasonic tool is in direct 
contact with bone tissue, thus tip geometry would have a great influence on tool-bone 
interaction as observed in other studies on ultrasonic vibration assisted micro-drilling 
[209, 233]. Meanwhile, tool-bone interaction is influenced by the intensity of 
ultrasonic vibration represented by the vibration amplitude, which has been observed 
in the pilot study presented in the last chapter. In this chapter, a systematic study will 
be performed to find out how to form a micro-hole on skull with high quality and 
accuracy by investigating the effects of tip geometry and vibration amplitude. Findings 
from this chapter will lay technical foundation for accurate generation of a high quality 
micro-burr hole on skull. 
5.2  Design of the experiment 
(1) Bone sample preparation  
Preparation of bone samples was the same as that used in the last chapter. Bone 
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samples were harvested from the skull of adult cats within two hours after death. The 
sample preparation was similar to that used in other studies on bone drilling/cutting 
[212, 224]. The samples (4 mm wide and 10 mm long) were sliced from the similar 
location on the central part of skull to minimize variance in thickness among samples. 
Average thickness of bone samples was about 1.5 mm, and these samples had a typical 
three-layer sandwiched structure. After disinfection by alcohol, bone samples were 
preserved in physiological saline solution (24 °C) to keep them hydrated. Before 
experiment, the bone sample was taken out of the solution, dried with tissue paper, and 
fastened onto the bone fixture as shown in Fig. 5.1(a) and (b). The movable clamping 
plate of the fixture had a few teeth on its bottom surface. Once the two clamping plates 
were pressed onto bone, the bone sample would be securely fastened in all directions. 
This fixation method was similar to that used in the reference study [234]. 
(2) Design of the experiment  
Experiment was designed to investigate, first, the effects of tip geometry, and, second, 
the effects of vibration amplitude on the performance of ultrasonic vibration assisted 
micro-hole forming technique. Experiment was carried out using the setup as shown in 
Fig. 5.1(a). The ultrasonic device was mounted onto a translation table driven by a 
servo motor (Cool Muscle; Model: CM1-1-17L30C) which was supplied with a 
control system CoolWorks Lit. An encoder was integrated into the motor. By precisely 
controlling the number of pulses sent to the motor, feed rate or penetration depth of the 




Fig. 5.1 (a) Schematic diagram of the experimental setup, (b) tool-bone interaction in 
the experiment, and (c) the micro-tool and microscopic images of three different tip 
geometries. 
 
In ultrasonic vibration assisted micro-hole forming, tip of the micro-tool directly 
interacts with bone; hence the tip geometry would influence the hole forming 
performance. To investigate its effect, micro-tools of three different tip geometries 
(blunt tip, 60º/120º conical tips) were used as shown in Fig. 5.1(c). Average diameter 
of these micro-tools made of abrasion-resistant tungsten steel was 299.5±1.3 μm. Tools 
of different tip geometries were designed using finite element analysis to make sure 
they have the same amplitude. Vibration amplitudes for different tools were measured 
by the manufacturer; at a same power level of the ultrasonic driver, there was no 
detectable difference in the amplitude for tools of different tip geometries. 
In order to characterize the effects of tip geometry and vibration amplitude, the thrust 
force in the hole forming process was recorded, diameter of the formed hole was 
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measured, and microstructure of bone tissue around formed holes were examined 
under SEM. Two sets of experiment were described as follows: 
(1) Under a fixed vibration amplitude of 75 μm, tools of three different tip geometries 
(60° conical tip, 120° conical tip, and blunt tip) were used for micro-hole forming. 
(2) With a 60° conically tipped tool, hole forming experiment was carried out at three 
different amplitudes (30 μm, 45 μm, and 75 μm). A new micro-tool was used under 
each amplitude to eliminate any possible influence of tool wear.  
Experiment was performed in an air-conditioned room (24 °C) using the setup shown 
in Fig. 5.1(a) and (b). The ultrasonic device was mounted onto a translation table 
driven by a step motor. The bone sample was fixed onto a bone fixture which was 
mounted on top of a dynamometer. The dynamometer with a resolution of 1.0 mN was 
used to record the thrust force in the hole forming process. Core component of the 
dynamometer was a strain gauge transducer as that used in a reference study on 
ultrasonic vibration assisted cutting [216]. The data acquisition system allowed a 
sampling rate of up to 1200 readings per second. The force acquired by the strain 
gauge would be the averaged force over a short period of time. With the assistance of 
ultrasonic vibration of a given amplitude, the micro-tool was fed into bone to form a 
hole in it at a constant feed rate without rotation. Feed rate of the micro-tool toward 
bone was globally set to be 0.20 mm/s. Under each set of parameters, ten through holes 
were generated on bone samples, and neighboring holes were generated with a 
distance of 2.5 mm to each other. 
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5.3  Results and discussion 
5.3.1  A typical curve of the thrust force 
A typical curve of the thrust force in the hole forming process has been shown in the 
last chapter. However, since micro-tools of different tip geometries were used in this 
chapter, a deeper analysis on the thrust force curve (Fig. 5.2) will be performed in this 
part. Similar to that shown in Fig. 4.5, the ultrasonic tool got into contact with bone at 
Point A. Point C corresponds to the penetration of outer cortical bone by the tip of the 
micro-tool; after tip penetration, the thrust force deceased. Because of skull bone’s 
three-layer sandwiched structure, there is a transition zone between the cortical bone 
and sponge bone [187]. In section CD, the tip would be in the transition zone between 
the outer cortical bone and the sponge bone. At Point D, the tip would advance into the 
sponge bone. In the early stage of DE, the tip was advancing in the sponge bone. 
Sponge bone has cavities in it [235]. When the tip of the micro-tool encountered large 
cavities, a fluctuation would appear in the thrust force curve as shown in DE. In the 
later stage of DE, the tip was moving in the inner cortical bone. At point E, the inner 
cortical bone started to be penetrated by the tip. In section EF, the exit burr would be 
generated and the bone would be fully penetrated at point F. 
Considering that a transition zone also exists between the sponge bone and the inner 
cortical bone, the tip would be advancing in this transition zone in the middle stage of 
DE. It is hard to accurately determine the thickness of this transition zone. Even if the 
exact penetration depth of the tool into bone is known, existence of this transition zone 
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makes it difficult to determine at which specific point on DE the tip enters the inner 
cortical bone. However, in section AC, tip of the micro-tool was advancing in the 
cortical bone. Interaction between the micro-tool and cortical bone can be studied by 
investigating the force curve in section AC. 
 
 
Fig. 5.2 The thrust force curve. (a) A typical thrust force curve when a conically tipped 
tool is used, the tip indentation and tool penetration stages are labeled; (b) different 
force curves at the beginning for conically tipped and blunt-tip tools. 
 
When a conically tipped tool was used, penetration of the outer cortical bone (stage 





penetration stage BC) as illustrated in Fig. 5.2(a). In the tip indentation stage AB, the 
micro-tool’s conical tip is partially indented into bone and the thrust force increases 
non-linearly; at the transition point B, the conical tip is fully indented into bone; in the 
penetration stage BC, the tip is fully immersed in bone and a nearly linear increase in 
the thrust force is observed. 
The transition point B was determined with reference to the length of the conical tip (h 
as defined in Fig. 5.2(b)). As shown in the inset microscopic images in Fig. 5.2(b), the 
60° and 120° conical tip respectively have a tip length h of about 215 μm and 75 μm 
which are nearly the same as that of the indentation depth AB120° and AB60°. The tip 
indentation stage can be observed in the thrust force curves for the 60° and 120° 
conically tipped tools as shown in Fig. 5.2(b). Because of the larger tip length, the 
indentation stage is much clear for the 60°conically tipped tool. However, when a 
blunt-tipped tool is used, the tip indentation stage is missing, and the thrust force has a 
linear increase upon the tool-bone contact as seen in Fig. 5.2(b). Besides, a few 
fluctuations (point C1, C2 and C3) can be observed in Fig. 5.2(b). This is thought to be 
caused by the existence of haversian canals in the cortical bone which can be observed 
by transecting the skull bone [236, 237]. 
In ultrasonic vibration assisted micro-hole forming, with the advancement of the 
micro-tool, bone tissue ahead of the tip would undergo elastic deformation, fracture 
and plastic deformation. The maximum thrust force in the hole forming process would 
be affected by the thickness of cortical bone. In contrast, increase rate of thrust force k 
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in the penetration stage BC is irrelevant of cortical bone’s thickness. It is affected by 
other parameters such as bone’s mechanical properties, tip geometry of the micro-tool 
and vibration amplitude. The increase rate k can be used to represent bone’s resistance 
to the ultrasonic tool under a given set of processing parameters in the hole forming 
process.  
Although the bone samples used in this study were carefully selected to minimize the 
variation in thickness among different samples, the increase rate k is used in this 
chapter to eliminate any possible influence of the variation in bone sample’s thickness. 
A small k means the bone can be penetrated by the micro-tool with less effort, while a 
large k implies a greater resistance to hole forming. This is similar to the “slope” of the 
load-displacement curve used to represent bone’s mechanical properties such as 
strength or hardness in the indentation experiment on bone [238-240]. Increase rate of 
the thrust force k is acquired by linear fitting of the thrust force in the linear section of 
AC with Eq. 5.1, similar to that used in the reference study [235]. 
0( )F l k l a                                                       (5.1) 
where, k is the increase rate of thrust force, l is the penetration depth of the 
micro-tool’s tip into bone, a0 is a constant which only applies for conically tipped tools, 
and F(l) is the thrust force at depth l.  
5.3.2  Effects of the tip geometry 
(1) Tip geometry’s effect on the thrust force 
Increase rate of thrust force k in the hole forming process for each tool was calculated. 
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The results are shown in Fig. 5.3. k is shown to increase as the tool becomes blunter. k 
value for the 60° conically tipped tool was significantly reduced compared with that 
for the blunt-tipped tool (p=0.012), suggesting that if an ultrasonic vibration tool of a 
sharper tip were used, the thrust force required for generating a micro-hole would be 
smaller.  
 
Fig. 5.3 Increase rate of the thrust force for the three different tools. 
 
A smaller tip angle helps reduce the thrust force and also the chance of tool fracture, 
making the hole forming process safer. From this perspective, a micro ultrasonic tool 
of a smaller tip angle is preferred. Besides, the tip angle may influence heat generation 
in the hole forming process by affecting the thrust force. But, skull bone in vivo is in an 
environment significantly different from the bone sample used in this in vitro study. 
For the micro-hole forming in vivo, cerebrospinal fluid (CSF) circulates beneath the 
skull, and the scalp covering the skull is rich in blood vessels [187]. Existence of CSF 
and the scalp will greatly influence heat conduction in the hole generation process. In 
contrast, the bone sample used in vitro is isolated from the body and is in a thermal 
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environment significantly different from that in vivo. The temperature measured in 
vitro will not reveal the real situation in vivo. Thus, thermal effect was not investigated 
in this in vitro study. In the next stage, experiment will be carried out in vivo to study 
the thermal effect of micro-hole forming on skull. 
Another fact worth noting is the large standard deviation observed in Fig. 5.3. This is 
thought to be caused by the variability in bone’s properties at different locations on 
skull, such as porosity, density and elastic modulus, which has been observed from 
existing studies [212, 235, 241, 242]. Since increase rate of thrust force was influenced 
by cortical bone’s structural and mechanical properties, variations in bone’s properties 
in turn resulted in a large standard deviation of the acquired k. Realizing this effect, 
hole forming experiment were carried out on bone samples harvested from similar 
locations on skull to minimize the differences among bone samples. 
(2) Effect of tip geometry on hole diameter 
Diameters of the holes generated by three different tools under the amplitude of 75 μm 
were measured. The results are shown in Fig. 5.4. The diameter generally ranges 
between 302 μm and 311 μm, and no significant difference was observed among the 
diameters generated by different tools (p>0.4) under this large amplitude. This implies 
that tool suitability cannot be evaluated from the findings on dimensional accuracy in 
the context of current study. Due to the limited supply of skull bone, tip geometry’s 
effect on dimensional accuracy should be further studied using alternative bone 




Fig. 5.4 Diameter of holes generated by different tools. 
 
Another interesting phenomenon is that the diameter of formed holes is a few microns 
larger than that of the micro-tool, indicating the existence of a small clearance between 
the vibrating micro-tool and the inner surface of the generated hole. This is thought to 
be caused by the micro-vibration of the tip in the lateral direction. Theoretically, the 
ultrasonic tool vibrates only in the longitudinal direction. But, because of machining or 
assembly tolerance, micro-vibration in the lateral direction is not avoidable; thus, 
diameter of the formed hole is slightly larger than the tool diameter. Similar 
phenomenon also occurs in drilling, in which dimensional accuracy of the drilled hole 
is affected by lateral vibration of the drill bit [243]. 
(3) Effect of tip geometry on microstructure of the hole 
In order to characterize the microstructure of bone tissue around the generated holes, 
generated holes were transversely cleaved by a thin blade at the depth of 0.2 mm 
beneath bone’s top surface. Due to the curvature of skull bone, the hole may not be 
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cleaved perfectly perpendicular to its axis. Generated holes were also cleaved 
longitudinally to expose the inner surface. Exposed surfaces were observed under SEM. 
SEM images of typical micro-holes formed by the three different tools are shown in 
Fig. 5.5. It can be seen that micro-holes have been successfully generated on skull.  
 
Fig. 5.5 SEM images of micro-holes generated by the 60°/120° conical-tipped and 
blunt-tipped tools at the amplitude of 75 μm. (a)-(c) are respectively cross-section, 
dense layer, and inner surface of the micro-hole formed by the 60° conically tipped 
tool. (d)-(e): Corresponding images of a micro-hole formed by the 120° conically 
tipped tool. (g)-(i): Corresponding images of a micro-hole generated by the 
blunt-tipped tool. 
 
When a 60° conically tipped tool was used at the amplitude of 75 μm, a layer of 
compact bone tissue with a thickness of about 43 μm is observed around the 
micro-hole as shown in Fig. 5.5(b). Microstructure of this dense layer clearly differs 
from that of the original bone tissue. In this layer, no porosity or bone lamellae could 
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be detected (Fig. 5.6(b)). But, in the intact bone tissue, many micro-porosities and 
layered lamellae can be clearly observed (Fig. 5.6(a)) as reported in other literatures 
[237, 244-246]. 
 
Fig. 5.6 (a) SEM image of lamellae and porosities in intact bone tissue, and (b) SEM 
image of the microstructure in the dense layer around the formed hole; (a) and (b) 
respectively correspond to the point R and S labeled in Fig. 5.5(a). 
 
The dense layer is thought to be generated by high amplitude hammering of a conically 
tipped tool on bone’s porous micro-architecture (mineralized collagen lamellae and 
porosities). At the amplitude of 75 μm, high speed tool-bone collision would fracture 
the micro-architecture and cause permanent plastic deformation to bone tissue ahead of 
the tip. In addition, under high frequency hammering of the conically tipped tool, 
fractured bone lamellae with micro-porosities would be repeatedly “forged” and 
squeezed aside to form a dense layer around the hole. This means a micro-hole is 
“formed” in bone without material removal by a conically tipped tool. Similar bone 
“compaction” caused by plastic deformation was also observed when pressing a metal 
implant into bone [226]. The dense layer was also observed when a 120° conically 
tipped tool was used. But its thickness (about 18.5 μm as shown in Fig. 5.5(e)) is 
smaller than that formed by the 60° conically tipped tool (Fig. 5.5(b)). A probable 
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explanation for the reduced thickness could be that as the tool tip becomes blunter, the 
squeezing action, which pushes bone tissue aside, is weakened.  
However, when a blunt-tipped tool is used, no dense layer can be detected around the 
generated hole as shown in Fig. 5.5(h). Instead, mineralized collagen lamellae can be 
clearly observed right next to the border of the formed hole (Fig. 5.5(h)). This is 
probably due to the different hole generation mechanism by a blunt-tipped tool. Instead 
of squeezing bone tissue aside, a blunt tip successively “hammers” and fractures bone 
tissue ahead of it. Fractured bone tissue is pushed forward to generate a micro-hole, 
which is similar to “punching”. Thus no dense layer is generated around the hole. 
Quality of the inner surface also deteriorates as the tool becomes blunter as shown in 
Fig. 5.5(c), (f) and (i). Inner surface of the micro-hole formed by the 60° conically 
tipped tool is very smooth except a few cracks on it (Fig. 5.5(c)).These micro-cracks 
are likely to be caused by the stress release in the plastically deformed dense layer after 
tool removal. When a 120° conically tipped tool was used, a similar inner surface is 
also generated (Fig. 5.5(f)); but the surface appears a little coarser, and a few 
micro-grains can be detected on it. The degraded surface quality is thought to be 
caused by the weakened squeezing action of the 120° conically tipped tool.  
Inner surface of the micro-hole generated by the blunt-tipped tool is totally different 
from those generated by conically tipped tools. As seen in Fig. 5.5(i), numerous 
micro-pits are observed on the coarse inner wall generated by a blunt-tipped tool. 
Similar micro-pits were also observed in the machining of composite materials [247]. 
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Considering that bone is composed of numerous mineralized collagen fibre in the 
micro-scale, these pits are thought to be caused by pull-out and breakage of micro 
mineralized lamellae fibre under high-intensity “punching” of a blunt-tipped tool [237, 
244].  
Moreover, many open cracks are observed on the inner surface generated by the 
blunt-tipped tool (Fig. 5.5(i)), which are different from the closed cracks shown in Fig. 
5.5(c) and (f). Generation of these open cracks is probably caused by the delamination 
of mineralized collagen lamellae in bone tissue, which are bonded together by a 
relatively low-strength matrix [245, 248]. Under high-intensity hammering of a blunt 
tip, delamination would preferably occur at interfaces of adjacent lamellae, from which 
open cracks are resulted. Similar delamination phenomenon was also encountered in 
the machining of composite laminates [249, 250]. Besides, bone inherently has many 
micro cracks/porosities in it, which may promote the generation of cracks and 
delamination [241].  
Based on the findings of micro-holes’ morphology and micro-structure, it can be seen 
that the blunt-tipped tool is not suitable for micro-hole generation. The blunt-tipped 
tool generates a hole similar to punching. The bone tissue is pushed ahead instead of 
being squeezed aside, and the generated hole has a coarse inner surface. When 
conically tipped tools are used, the hole is formed by squeezing bone tissue aside. 
Compared with the 120° conically tipped tool, the 60° conically tipped tool would 
have a stronger squeezing effect on bone tissue, a thinker dense layer is thus generated 
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around the hole. A thicker dense layer can deter elastic recovery and crack 
initiation/development after tool removal; thus a thicker dense layer is desired. Besides, 
the micro-hole formed by the 60° conically tipped tool has a smoother inner surface as 
shown in Fig. 5.5(c). Therefore, from the perspective of hole quality, the 60° conically 
tipped tool is more suitable for hole forming than the 120° conically tipped tool. 
(4) Effect of tip geometry on exit burr 
Exit burrs were found on the inner surface of skull bone when the skull bone was fully 
penetrated by the micro-tool. Microscopic images of exit burrs generated by three 
different tools and under three different amplitudes were acquired. Two kinds of exit 
burrs were observed; the pyramid burr and the flap burr as shown in Fig. 5.7(a) and (c). 
It is found that shape of the exit burr is mainly affected by the tip geometry. Pyramid 
burr was generated when conically tipped tools were used; flap burr was observed 
when the blunt tipped tool was used. Due to the limited supply of skull bone, hole 
forming experiment under different amplitudes was carried out using the 60° conically 
tipped tool. According to the acquired microscopic images, exit burrs generated under 
different vibration amplitudes appeared to have similar shapes. Besides, no evident 
difference was detected in the shape of pyramid burrs generated by the 60° and 120° 
conically tipped tools. As for the superiority between the 60° and 120° conically tipped 
tools, it cannot be evaluated based on the shape of the exit burr and would be 
considered from other perspectives such as the thrust force or hole quality. Findings on 
the shape of the exit burr leads to the conclusion that the blunt-tipped tool is not 
suitable for micro-hole generation on skull. This is because the flap burr generated by 
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the blunt-tipped tool would block the pathway for inserting a microelectrode into brain. 
In the following, detailed discussion on the pyramid burr and flap burr will be 
presented. 
 
Fig. 5.7 SEM images of the exit burr generated at the bottom surface of skull bone. (a) 
The pyramid burr generated by conically tipped tools, (b) dense tissue attached on the 
inner surface of the pyramid burr, (c) the flap burr generated by the blunt-tipped tool, 
and (d) dense tissue on the inner surface of flap burr. 
 
The pyramid burr has multiple facets and its shape is similar to that of a pyramid as 
shown in Fig. 5.7(a). The number of facets generally varies between three and five. 
This kind of burr is similar to the crown burr encountered in drilling [251]. The 
pyramid burr was generated when conically tipped tools were used. Due to the stress 
concentration caused by the conical tip, the pyramid burr would be initiated at the 
central part of the exit and generated burr facets were pushed aside with the 
advancement of the tool as discussed in Section 4.4.4. Because of burr recoil after tool 
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removal, a smaller opening was resulted at the central part (see Fig. 5.7(a)), providing 
an entrance for microelectrode insertion. Besides, a layer of dense tissue was found on 
the inner surface of the burr (Fig. 5.7(b). This is because part of the fractured and 
plastically deformed bone tissue was pushed forward by the rounded conical tip and 
eventually forced to attach onto the burr as shown in Fig. 5.7(b). Meanwhile, part of 
the plastically deformed tissue was squeezed aside by the conical tip to form a dense 
layer around the hole as shown in Fig. 5.5 (b) and (e). 
As for the flap burr, it has a single large burr covering the exit as shown in Fig. 5.7(c). 
The flap burr was only observed when a blunt-tipped tool was used. During hole 
generation by a blunt-tipped tool, stress concentration occurs around the corner of the 
blunt tip. The flap burr would be initiated at one side of the exit and “turned over” 
toward the other side (see Fig. 5.7(c)) by the blunt tip, similar to the generation of the 
drill cap [251, 252]. Different from the drill cap, the flap burr recoiled back after tool 
removal and partially covered the exit. This is not desired since it would block the 
insertion of a microelectrode into brain. 
Besides, the dense tissue in Fig. 5.7(b) and (d) is found different in morphology. On 
the inner surface of exit burr shown in Fig. 5.7(b), there is a clear watershed between 
the dense tissue and the tissue of layered structure ahead of it. This is likely because 
when a conically tipped tool was used, the dense tissue was squeezed asides by the 
conical tip; slippage between dense tissue and bone tissue ahead of it resulted in a clear 
cut between them. However, when a blunt-tipped tool was used, similar watershed was 
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not found. This is because when a blunt-tipped tool was used, the dense tissue was 
successively pushed forward by the blunt tip. High-intensity impact of the ultrasonic 
tool was also transmitted via the dense tissue to the bone tissue ahead of it, which was 
also compressed. Thus, a gradual transition was resulted between the dense tissue and 
bone tissue ahead of it as shown in Fig. 5.7(d). 
Another fact worth noting is that exit burrs were still attached onto the bottom surface 
of skull bone and did not fall off as shown in Fig. 5.7(a) and (c). This is partially 
attributed to periosteum, a dense layer of connective tissue covering cortical bone 
[253]. Considering that the external layer of periosteum is mainly collagen and elastic 
fibers [254], periosteum would serve as a polymer coating on cortical bone and prevent 
exit burrs from falling off. Besides, the vascular periosteum on the surface of exit burr 
may promote burr hole healing after the completion of microelectrode recording of 
deep brain neural activities. Once the microelectrode is removed, recoil of pyramid 
burrs would leave a very small physical disruption between burrs as that in Fig. 5.7(a), 
which would make it easier for post-operation healing. This should be verified via in 
vivo studies in the future. Besides, the feed rate may affect the exit burr. Compared 
with the maximum speed of the ultrasonic vibration tool as calculated from Eq. 4.2, 
effects of the feed rate may not be evident. Due to the limited supply of skull bone, 
feed rate’s effect was not investigated in current study. 
In conclusion, effects of tip geometry on micro-hole forming on skull have been 
investigated from the perspectives of thrust force, dimensional accuracy, hole quality 
113 
 
and exit burr. Findings on these factors can help evaluate the tool suitability for 
micro-hole forming on skull. A smaller thrust force was observed when a sharper tip 
was used, supporting the usage of the 60° conically tipped tool. As for the dimensional 
accuracy, there is no evident difference for different tools, and tool suitability cannot 
be evaluated based on this factor. As for the hole quality, a sharper tip helps generate a 
micro-hole of better quality, which also supports the usage of the 60° conically tipped 
tool. As for the exit burr, superiority between the 60° and 120° conically tipped tools 
could not be told based on findings on exit burr, but findings on this factor help 
exclude the usage of the blunt tipped tool. Therefore, based on the findings on these 
four factors, it can be deduced that the blunt tipped tool is not suitable for micro-hole 
generation. The 60° conically tipped tool helps generate a micro-hole on skull of better 
quality at a smaller thrust force, thus the 60° conically tipped tool is more suitable for 
micro-hole forming than the 120° conically tipped tool. 
5.3.3  Effects of vibration amplitude 
5.3.3.1 Effect of vibration amplitude on thrust force 
Increase rate of thrust force was calculated for hole forming under three different 
amplitudes (30 μm, 45 μm, and 75 μm) using the 60° conically tipped tool. The results 
are shown in Fig. 5.8. It shows that the increase rates of thrust force under the 
amplitude of 75 μm and 45 μm are significantly smaller than that under the amplitude 
of 30 μm (p=0.0016 and p=0.008 respectively). This means the thrust force required 
for hole forming reduces dramatically as the amplitude increases. Ultrasonic 
114 
 
vibration’s effect on reducing the thrust force is consistent with the findings from other 
studies [191, 207, 212, 247]. A large vibration amplitude allows the usage a very small 
thrust force for hole forming, and is hence regarded as a cardinal factor for successful 
micro-hole forming on skull. Under a small or zero vibration amplitude, a micro-hole 
could not be formed and the tool just fractured instead of getting into bone, which had 
been observed in the experiment. 
 
Fig. 5.8 Increase rate of the thrust force under different vibration amplitudes. 
 
(2)  Effect of vibration amplitude on diameter of formed holes 
Diameters of micro-holes formed under three different amplitudes by a 60° 
conical-tipped tool are shown in Fig. 5.9. Diameter of the micro-tool used under the 
amplitude of 30 μm, 45 μm, and 75 μm was respectively 300.0 μm, 299.0 μm, 300.5 
μm (average diameter: 299.8 μm). Fig. 5.9 shows that the hole diameter is influenced 
by the amplitude used for hole forming. At 75 μm amplitude, the hole diameter is 
slightly larger than that of the micro-tool, which is thought to be caused by 




Fig. 5.9 Diameter of micro holes formed under three different amplitudes. 
 
However, under the amplitude of 30 μm and 45 μm, the hole diameter is much smaller 
than that of the corresponding micro-tool, which is probably due to the elastic recovery 
of bone tissue after tool removal. Besides, hole diameter at a lower amplitude is 
smaller than that at a larger amplitude; a significance difference (p<0.001) was found 
between the hole diameters under the amplitude of 75 μm and 30 μm. This implies a 
significant elastic recovery of bone tissue around the formed hole if hole forming is 
carried out at a smaller amplitude. Magnitude of the elastic recovery is thought to be 
related to cortical bone’s rate-dependent property. At a larger strain rate, the strain for 
bone failure/fracture is smaller [195, 255]. In ultrasonic vibration assisted micro-hole 
forming, the strain rate of bone tissue positively depends on vibration amplitude. 
Under a higher amplitude, bone tissue would fracture/fail at a smaller strain, which in 
turn means a smaller elastic deformation during hole forming and also a small elastic 
recovery after tool removal. The hole formed at a larger amplitude would experience a 
smaller elastic recovery after tool removal as revealed in Fig. 5.9. Therefore, from the 
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perspective of dimensional accuracy, hole forming should be carried out at a larger 
amplitude. 
(3)  Effect of vibration amplitude on microstructure of formed holes 
To further investigate amplitude’s effect on hole forming, micro-holes formed by the 
60° conically tipped tool under different amplitudes (30 μm, 45 μm, and 75 μm) were 
examined under SEM. For observation, bone samples were also transversely cleaved at 
a depth of about 0.2 mm beneath bone’s surface using a thin blade. SEM images of 
typical holes formed under different amplitudes are shown in Fig. 5.10.  
 
Fig. 5.10 SEM images of micro-holes formed by a 60° conically tipped tool at the 
amplitude of: (a) and (d) 75 μm, (b) and (e) 45 μm, (c) and (f) 30 μm. 
 
Quality of the formed hole is shown to deteriorate as the amplitude decreases, and an 
evident difference is found in the microstructure of bone tissue around micro-holes 
formed under different amplitudes. Under the amplitude of 75 μm, the formed hole has 
a complete circle contour, a smooth inner surface and a crack-free dense layer around 
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the hole (Fig. 5.10(a) and (d)). In contrast, the hole formed under the amplitude of 45 
μm or 30 μm has a rough border and a coarse inner surface. Furthermore, many closed 
micro-cracks are observed around the hole formed at the amplitude of 45 μm (Fig. 
5.10(e)), and open micro-cracks are even detected in the sub-surface layer around the 
hole formed at a smaller amplitude of 30 μm (Fig. 5.10(f)).  
Amplitude of the ultrasonic vibration would influence the hole quality by affecting the 
intensity of tool-bone interaction. In the hole generation process, bone tissue ahead of 
the tip of the ultrasonic tool would be fractured, plastically deformed and squeezed 
aside to form a dense layer around the micro-hole as shown in Fig. 5.6; in this process, 
residual compressive stress would be generated in the plastically deformation bone 
tissue. This residual stress has an effect similar to that generated in shot-peening. 
Shot-peening can help generate an appreciable level of compressive residual stress in 
the subsurface layer of workpiece, which can effectively restrain crack 
generation/propagation [256]. In ultrasonic vibration assisted micro-hole generation, a 
larger residual compressive stress can effectively prevent crack generation in the 
plastically deformed layer around the hole, and vice versa. As for the residual stress, it 
would be affected by the intensity of tool-bone interaction, which in turn depends on 
vibration amplitude. 
At a larger amplitude, tool-bone interaction in the hole generation process is stronger; 
the resulted large residual stress is helpful in preventing crack initiation and generation. 
As shown in Fig. 5.10(d), under a large amplitude of 75 μm, the sub-surface layer 
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around the generated hole is free of micro-cracks. However, at a smaller amplitude, 
intensity of tool-bone interaction is weakened, the resulted residual stress would be 
smaller accordingly; crack initiation and generation could not be effectively 
suppressed as shown in Fig. 5.10(e), in which many cracks were observed in the 
sub-surface layer around the generated hole. Similarly, at a smaller amplitude of 30 μm, 
crack generation became even worse, and many open cracks are generated as shown in 
Fig. 5.10(f). Thus, quality of the generated hole would deteriorate as the vibration 
amplitude reduces.    
Based on the above findings, vibration amplitude significantly influences tool-bone 
interaction in the hole generation process. As the amplitude increases, the thrust force 
required for hole forming is smaller, which can help reduce heat generation and bone 
necrosis. Elastic recovery after tool removal is also smaller at a larger amplitude, and 
micro-holes can be accurately formed with higher dimensional accuracy. Besides, a 
larger amplitude can help form a high quality micro-hole free of micro-cracks in its 
sub-surface layer. Therefore, a large amplitude is preferable in ultrasonic vibration 
assisted micro-hole forming on skull. But, an excessively large amplitude may not be 
beneficial. If the amplitude is too large, tool-bone interaction of ultra-high intensity 
may also lead to bone necrosis [220, 221]. In the next stage, thermal effects of 
ultrasonic vibration in the hole forming process should be investigated in vivo. 
5.3.4  Discussions on the hole forming mechanism 
As for the mechanism of micro-hole forming, three factors are found very important. 
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The first is a conical tip. A conically-tipped tool realizes micro-hole forming by 
squeezing bone tissue aside; in contrast, a blunt-tipped tool punches material forward 
thus cannot be used for micro-hole forming. The second factor is skull bone’s unique 
porous architecture. Volume of this porous material can be greatly reduced under 
high-intensity hammering of the ultrasonic tool. The space initially occupied by 
numerous cavities/porosities can therefore be used to accommodate the plastically 
deformed bone tissue. The other important factor is the high-amplitude ultrasonic 
vibration. High-amplitude ultrasonic vibration can greatly reduce the force required for 
micro-hole forming as shown in Fig. 5.8, which can be withstood by the micro-tool. 
Without ultrasonic vibration, the low-strength micro-tool just fractured instead of 
penetrating into the bone.  
The micro-hole forming process by a conically tipped micro-tool can be summarized 
as follows. With the assistance of ultrasonic vibration of large amplitude, the 
micro-tool firstly fractures bone tissue upon tool-bone at a small thrust force. Due to 
the high-intensity hammering of the micro-tool, fractured bone tissue undergoes plastic 
deformation, the porosities disappear, and bone tissue becomes very dense as seen in 
Fig. 5.6(b). The resulted volume shrinkage provides space to accommodate the dense 
tissue. With the advancement of the micro-tool, the dense bone tissue is squeezed aside 
by the conical tip and a dense layer is thus generated around the hole as observed in 
Fig. 5.5 (b) and (e). At the same time, some dense tissue is pushed forward by the 
rounded conical tip. At penetration of skull bone, this portion of bone tissue would be 
forced attached onto the inner surface of exit burr as shown in Fig. 5.7(b). 
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The hole forming performance is affected by parameters influencing tool-bone 
interaction in the hole forming process, such as the tip geometry, vibration amplitude 
and the vibration frequency. The effects of tip geometry and vibration amplitude on 
thrust force, hole diameter and micro-structure of bone tissue around the hole have 
been investigated in this study. The vibration frequency may also affect the hole 
forming process as revealed from existing studies on ultrasonic vibration assisted 
drilling/cutting [212, 241]. Since this is a pioneering study on ultrasonic vibration 
assisted micro-hole forming on skull, the customized ultrasonic vibration device has a 
fixed resonance frequency of 29.7 kHz. Thus, it is currently not possible to investigate 
the hole forming performance under different frequencies using the existing ultrasonic 
device. New ultrasonic devices are being developed. And the effects of vibration 
frequency will be studied in the near future. Besides, heat would be generated from the 
high-intensity tool-bone interaction, and temperature would rise in bone tissue around 
the formed hole. As revealed from existing studies, bone necrosis can be resulted at a 
temperature of 47 °C and above [221, 257]. In order to make the micro-hole forming 
technique clinically acceptable, heat generation during hole forming must be properly 
controlled. A well-designed experimental study is desired to investigate this issue. 
5.4  Summary 
In this chapter, a systematic study has been carried out to investigate how to generate a 
high quality micro-hole on skull with high accuracy. Experiment was carried out using 
tools of three different tip geometries under three different vibration amplitudes. Main 
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findings from this chapter are summarized as follows.  
(1) Tip geometry of the micro-tool has a significant effect on the hole forming 
mechanism. A blunt-tipped tool cannot be used for micro-hole forming due to its 
“punching” action under ultrasonic vibration. In contrast, a conically tipped tool 
squeezes bone tissue aside and can be used for micro-hole forming without material 
removal. Compared with the 120°conically tipped tool, the 60°conically tipped tool 
helps generate a micro-hole of better quality at a smaller thrust force. Thus the 
60°conically tipped tool is more suitable for micro-hole forming on skull. 
(2) The vibration amplitude affects the intensity of tool-bone interaction in the hole 
forming process. A larger amplitude can help form a micro-hole of better quality and 
higher dimensional accuracy. Besides, the force required for hole forming is much 
smaller at a larger amplitude. 
(3) Findings from this chapter lay a technical foundation for accurately generating a 
high-quality micro-hole on skull to assist the delivery of a micro-tool into brain with 
minimal invasion. 
(4) The high quality and high accuracy micro-hole forming technique developed in this 
study can help improve targeting accuracy of electrode implantation by preventing the 
electrode deviate from the planned insertion trajectory. Since the micro-burr hole with 
the same diameter of the microelectrode can be accurately formed along the 
pre-determined trajectory, the formed hole would serve as a guiding hole for the 
electrode insertion and constraint the electrode from deviating from the planned 
insertion trajectory at the entrance. This is similar to the guide-tube used in the deep 
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hole drilling.  
(5) The formed micro-hole can improve targeting accuracy of electrode implantation 
by preventing CSF leakage. By forming a micro-hole with the same diameter as that of 
the microelectrode, once the electrode is inserted into brain by penetrating the dura 
mater, the micro-hole would be sealed by the inserted electrode. Thus, CSF cannot leak 
out, brain shift resulted from CSF leakage will be prevented, and targeting accuracy of 





Chapter 6. High-precision and Minimally Invasive 
Microelectrode Insertion for Deep Brain Stimulation 
Up to now, two novel techniques have been developed respectively for deflection-free 
insertion of a microelectrode into deep brain and micro-hole generation on skull for 
electrode insertion. These two techniques are the backbone of a pioneering deep brain 
electrode insertion operation which is to be developed in this chapter. Compared with 
conventional deep brain electrode insertion operations, the new electrode insertion 
operation is less invasive and would have a higher targeting accuracy.  
As for the invasiveness, it is related with the tissue damage caused in the deep brain 
stimulation operation. Use of a microelectrode and micro-hole generation on skull can 
significantly reduce the tissue damage. The rotational insertion method developed in 
Chapter 3 enables direct insertion of a microelectrode into deep brain without the 
support of a rigid cannula. The tissue damage caused to brain tissue by a 
microelectrode would be significantly less than that caused by a thick DBS lead and 
the rigid cannula. Moreover, the reduced invasiveness is also owing to the micro-hole 
opening technique developed in Chapter 4 and 5. Once the insertion trajectory has 
been determined, a micro-hole will be opened on skull, and a microelectrode is then 
delivered through the opened burr hole toward the target in brain. This operation will 
be less invasive than the conventional operations, in which a 1.27 mm diameter DBS 
lead is inserted into brain through a large burr hole (diameter up to 15 mm) with the 
support of a thick (2.1 mm diameter) rigid cannula. Reduced invasiveness means 
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increased safety.  
As for targeting accuracy, it can be greatly improved by adopting the novel electrode 
insertion method and the micro-burr hole generation technique. The novel rotational 
insertion can help realize deflection-free insertion, thus a microelectrode can be 
accurately inserted into brain along the planned trajectory. The micro-hole generation 
technique can help minimize the brain shift by preventing cerebrospinal fluid leakage, 
and the target would stay at the same position in skull as preoperatively determined 
during the operation. Thanks to the deflection-free electrode insertion and the CSF 
leakage-free micro-hole generation, a target seated deep in the brain can be accurately 
reached and sufficiently stimulated by the microelectrode. Therefore, the increased 
targeting accuracy would mean improved stimulation. 
Therefore, the deflection-free microelectrode insertion method and the micro-burr hole 
generation technique developed in previous chapters will lay the technical foundation 
for a high-precision and minimally invasive microelectrode insertion operation. In this 
chapter, a novel electrode insertion system will be developed based these techniques, 
and most importantly a pioneering high-precision and minimally invasive 
microelectrode insertion operation will be developed.  
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6.1  Design of the numerically controlled system for microelectrode 
insertion 
6.1.1  Scheme of the high-precision and minimally invasive microelectrode 
insertion operation 
A novel operation for high-precision and minimally invasive microelectrode insertion 
is developed based on the work presented in previous chapters as shown in Fig. 6.1. 
From the perspective of procedures, this new operation is similar to conventional 
frame-based or frameless operations which include frame application, imaging, target 
registration, burr hole opening and electrode implantation (see Fig. 6.1). However, this 
operation has adopted a few new techniques in it. A novel rotational insertion method 
is employed for deflection-free microelectrode insertion. The newly developed 
micro-hole generation technique is adopted to minimize brain shift by preventing CSF 
leakage. A robotic system is developed for numerical operation, which can reduce the 
targeting error resulted from manual operation. Moreover, to accommodate the 
utilization of these new techniques, a novel target registration method is used to 
generate a linkage between the image space of patient’s brain and the physical space 
(target determination and trajectory planning are carried out in the image space of 
patient’s brain, while electrode implantation is carried out on patient’s real brain in the 
physical space). The errors related with main procedures (target registration, burr hole 
opening and electrode implantation) of the operation have been greatly reduced. Thus, 
compared with the frame-based or frameless operation shown in Fig. 6.1, the newly 
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developed electrode implantation operation will have a higher targeting accuracy.  
Compared with the iMRI guided operation shown in Fig. 6.1, the electrode 
implantation operation developed in this chapter could have a similar or even higher 
targeting accuracy. The iMRI guided operation enjoys a higher accuracy by eliminating 
brain shift error by performing imaging after the brain shift caused by CSF leakage has 
been stabilized; while the new operation developed in this chapter would enjoy a 
CSF-leakage free operation thanks to the micro-hole forming technique, thus the brain 
shift error would be eliminated. Besides, the new operation has adopted new 
techniques such as the deflection-free insertion method and the robotic operation 
which will make this newly operation has a better targeting accuracy than the iMRI 
guided operation. Moreover, the expensive iMRI device is not required, which will 
make this new operation more affordable by patients.  
Diagram of the system for high-precision and minimally invasive operation is shown 
in Fig. 6.2. Patient’s head would be secured onto the operation table via the head-frame, 
and a miniaturized robotic arm is mounted onto the same operation table. A 
numerically controlled robotic arm is used for operations such as burr hole opening 
and electrode implantation. The ultrasonic device for burr hole opening and the 
electrode driver for electrode implantation would be mounted onto the distal end of the 
robotic arm. In operation, the ultrasonic tool is firstly mounted onto the robotic arm for 












Fig. 6.2 Diagram of the microelectrode insertion system. OfXfYfZf and OGXGYGZG are 
respectively the local coordinate system for the brain and the global coordinate system 
for the whole system.  
 
After bur hole opening, the ultrasonic tool would be replaced by the electrode driver 
which is mounted onto the robotic arm coaxial with the previously-installed ultrasonic 
tool. This can guarantee the opened micro-hole is coaxial with the microelectrode to be 
implanted. All these operations are carried out under a central control system. As 
illustrated in Fig. 6.2, information on target determination and trajectory are inputted 
into the system. For numerically controlled operation, coordinate of the target and the 
insertion trajectory which are defined in the image space of the 3D brain model should 
be transferred into the physical space in which the electrode implantation operation is 
to be performed. Thus, a linkage needs to be created between the image space and the 
physical space. A novel target registration method will be developed for this aim in the 
following. 
6.1.2  A new target registration method 
Target registration can be defined as mapping patient’s virtual brain in the image space 
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onto patient’s real brain in the physical space. By doing this, the target and trajectory 
defined in the image space can be transferred into the global coordinate system defined 
in the physical space. In conventional operations with optical navigation, this is 
realized with the assistance of bone screws of optical reflective balls which are 
implanted onto skull before preoperative imaging [26]. After these bone screws are 
re-constructed with the brain in the image space, a fixed relationship would exist 
between the bone screws and the brain. By touching these bone screws with an optical 
probe with the assistance of an optical camera, each bone screw can be registered onto 
its counterpart in the image space. Thus, using these bone screws as the reference 
features, the virtual brain can be mapped onto patient’s real brain in the physical space 
[258]. Although target registration can be effectively realized using this method, 
optical navigation may introduces additional error. Besides, the bone screw with 
optical reflective balls would cause extra tissue damage, making this operation more 
invasive.  
In this section, a novel method is to be developed for accurate and convenient target 
registration without optical navigation. Since the head frame appears in both the image 
space and the physical space, the head frame can be used to create a linkage between 
the image space and physical space. For this aim, the head frame should be specially 
designed with a few unique features, the reference surfaces (RFxz, RFyz and RFxy) and 
reference rulers (Lfx, Lfy, Lfz) as illustrated in Fig. 6.3. As for the four pinned screws on 
the head frame shown in Fig. 6.3(b)), they are used to secure patient’s head onto the 




Fig. 6.3 Target registration with the assistance of a specially designed head frame. (a) 
Establishment of a local coordinate system OfXfYfZf for the brain fixed onto the head 
frame; OGXGYGZG is global coordinate system established on the operation table. (b) 
Reference rulers on the head-frame for scaling. (c) Reference surfaces on the head 
frame for establishing a local coordinate system OfXfYfZf. Design of the head frame is 
conceptual.  
 
Reference surfaces (RFxz, RFyz and RFxy) are used to establish a local coordinate 
system OfXfYfZf on the head frame as shown in Fig. 6.3(a). This coordinate system can 
be used to define patient’s real brain in the physical space and patient’s virtual brain in 
the image space. Reference rulers (Lfx, Lfy, Lfz) are used to scale patient’s virtual brain 
into the same size as patient’s real brain. After scaling, any point in the image space 
will have the same coordinates as its counterpart in patient’s real brain defined in the 












                                                        (6.1) 
where (ximg, yimg, zimg) and (xf, yf, zf) are respectively coordinates of a point in the image 
space and the coordinates of its counterpart in the physical space. (ximg, yimg, zimg) and 
(xf, yf, zf) are both defined in the coordinate system OfXfYfZf. 
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Therefore, with the assistance of the head frame, the virtual brain defined in the image 
space can be mapped or registered onto the real brain in the physical space. However, 
for numerically controlled burr hole opening or electrode insertion operation, 
coordinates defined in the local coordinate system OfXfYfZf should be transferred into 
the global coordinate system.  
As illustrated in Fig. 6.3(a), OGXGYGZG is the global coordinate system established on 
the operation table. After the head frame is secured onto the operation table, a fixed 
relationship exists between the local coordinate system OfXfYfZf and the global 
coordinate system OGXGYGZG. In theory, translational and rotational relationships may 
both exist between these two systems. But, these two systems are design to only have 
translational relationships. If a typical point in OfXfYfZf is defined as (xf, yf, zf), its 
counterpart (xT, yT, zT) in OGXGYGZG can be acquired using the following relationship. 
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where Tx, Ty and Tz are respectively the translation vectors from OfXfYfZf to XGYGZG in 
x, y and z directions after the head frame is secured onto the operation table. 
Incorporating Eq. 6.1 and Eq. 6.2, any point (ximg, yimg, zimg) in the virtual brain defined 
in the image space can be registered onto its counterpart (xT, yT, zT) in the global 
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where (ximg, yimg, zimg) is a typical point in the virtual brain, and (xT, yT, zT) is its 
counterpart defined in the global physical coordinate system in this physical space.  
It can be seen from above analysis that target registration between the image space and 
the physical space can be conveniently realized with the assistance of a specially 
designed head frame. The head frame should be designed with high stiffness. 
Deformation of the frame may affect the registration accuracy. Design of the head 
frame illustrated in Fig. 6.3 is conceptual. Product design should be performed by 
considering many other requirements such as bio-safety or convenience for 
sterilization. Compared with the conventional target registration method using optical 
navigation, the target registration method developed in this thesis would be more 
accurate and convenient. 
After target registration, coordinates of the target and the trajectory can be input into 
the control system for numerically controlled burr hole opening and electrode 
implantation. To execute these operations, a hardware system is desired. In the 
following, a prototype system would be developed to demonstrate how to realize 
high-precision and minimally invasive microelectrode insertion.  
6.1.3  Design and construction of the insertion system  
Main components of the insertion system includes the ultrasonic vibration tool for burr 
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hole opening, the electrode driver for rotational deflection-free electrode insertion and 
a robotic arm for numerical operation. In the following, each of these components will 
be introduced.  
(1) The ultrasonic vibration tool for micro-hole generation 
A miniaturized ultrasonic vibration tool for micro-hole forming was designed and 
manufactured (Fig. 6.4) by Supersonic Technology Company Limited (Hong Kong, 
China). This new device is lighter and thinner than the one used in Chapter 4 and 5. 
Material properties of main components in this device are summarized in Table 6.1. 
Micro-tools of two different diameters (300 μm and 800 μm) were prepared for 
forming holes of different diameters. The micro-tool is fastened onto the horn using a 
spring collet. The mounting length for the 300 μm and 800 μm diameter tool are 
respectively 81 mm and 74 mm as illustrated in Fig. 6.4(b).  
Resonance frequency of this device is 22.54 kHz, the maximum power is 70 W. The 
output power can be adjusted from 30%-100% at a step of 1%. The output vibration 
amplitude positively depends on the output power of the ultrasonic driver. The actual 
output amplitudes under different power levels were measured using Polytec’s High 
Speed Vibrometer HSV 2000 by the manufacturer. The acquired amplitude curve is 
shown in Fig. 6.5. The maximum peak-peak amplitude (at 100% power level) is about 
150 μm. When the output power increases beyond 80%, the vibration amplitude seems 




Fig. 6.4 The ultrasonic vibration tool for micro-hole forming. (a) 3D model and the 
main components; (b) dimension of the device; and (c) the finished product.  
 
Table 6.1 Material properties of main components in the ultrasonic device 
Item Material E (GPa) ρ (g/cm3) 𝜏 v (m/s) α (K-1) 
Back-mass  304 Steel 193 7.93 0.3 5880 1.9×10
-5
 
Horn1 7075-T651 71 2.72 0.33 6320 2.36×10
-5
 
Horn2 Steel SKD61 210 7.85 0.3 5950 1.9×10
-5
 
Bolt Stainless steel 193 7.85 0.3 5950 1.9×10
-5
 
Spring collet Stainless steel 200 7.85 0.3 5880 1.9×10
-5
 
Tool Tungsten steel 621 14.88 0.28 5700 1.26×10
-5
 
Piezoelectric disk PZT 68 7.60 0.3 3800 0.78×10
-5
 
E: Young’s modulus; ρ: density; η: Poisson’s ratio; v: sound speed in the material; α :coefficient of 
thermal expansion.  
 
Measurement was performed on the 800 μm diameter micro-tool. As for the 300 μm 
diameter tool, the small diameter makes it difficult to directly measure the vibration 
amplitude at the tip. The 300 μm diameter tool was designed based on finite element 
analysis and was optimized to have the same amplitude as the 800 μm diameter tool. 
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Thus, the amplitude curve shown in Fig. 6.5 would be applicable for the 300 μm 
diameter tool. 
 
Fig. 6.5 Amplitude curve of the ultrasonic vibration tool. 
 
(2) The microelectrode driver 
The electrode driver is used to hold and rotate the electrode for deflection-free 
insertion. Feeding the electrode into brain is realized by the robotic arm and will be 
discussed later. Design of the electrode driver is shown in Fig. 6.6. A miniaturized 
chuck mounted onto motor’s shaft is used to hold the electrode. Rotation is provided 
by a step motor (Model: 8HS0406; Changzhou Fuyang Motor Technology Co., Ltd, 
China). Once the electrode is mounted onto the driver, the electrode will be coaxial 
with the proximal end which has the same diameter (25 mm) as that of the ultrasonic 
tool shown in Fig. 6.4. When the ultrasonic tool mounted onto the robotic arm is 
replaced by the electrode driver after burr hole opening, the electrode will be coaxial 
with the micro-hole generated by the ultrasonic tool. Thus, the electrode can be 




Fig. 6.6 The microelectrode driver for rotational insertion. 
 
(3) The robotic arm for numerically controlled operation 
The robotic arm is designed for numerically controlled burr hole opening and electrode 
insertion operation. Design of the six degree-of-freedom (DOF) robotic arm is shown 
in Fig. 6.7. The robotic arm works in the global coordinate system OGXGYGZG 
established on the operation table. As shown in Fig. 6.7(a), it has three translational 
motions x, y and z respectively along X, Y and Z axis, two rotational motions α and β 
for adjusting the gesture, and one linear motion f along the Feed-axis for feeding the 
tool. Translational motion is realized by a linear guide rail system driven by a step 
motor (Model: 42BYGH47-401A), and an optical switch sensor (Omron EE-SX674) 
was integrated into the linear motion system to designate the “home” position for each 
translational motion. The pitch or yaw angle is adjusted by a miniaturized rotational 
table (Model: KS401-60), and a proximity switch (Omron TL-Q5MC1-Z) was 
installed onto the rotational table to designate the “home” position for rotational 
motion. Stroke along each axis is summarized in Table 6.2, and the established robotic 
arm with the ultrasonic tool mounted onto its distal end is shown in Fig. 6.8. Two USB 
9030 4-axis motion control cards (Beijing DFJZH Mechanical & Electrical 





Fig. 6.7 Design of the robotic arm. (a) The motion diagram and (b) the 3D model with 
the ultrasonic tool mounted onto the distal end.  
 
Table 6.2 Summary of motions along each axis 
Axis X-axis Y-axis Z-axis Yaw Pitch Feed-axis 
Motion x y z α β f 






Fig. 6.8 The established 6-DOF robotic arm with the mounted ultrasonic tool.  
 
The established system is shown in Fig. 6.9(a). Interface of the control system which 
can control eight motions is shown in Fig. 6.9(b). Each axis can either be manually 
controlled or numerically controlled with the G code which is widely used for 
controlling CNC machines. Due to the limited financial support, optical encoders were 
not integrated into the system and the robotic arm was constructed as an open-loop 
system. If allowable in the future, the system can be upgraded into a close-loop system 
with motion components of higher accuracy, and a special study can be performed on 
how to increase the motion accuracy of the robotic arm. In this thesis, motion accuracy 
of this prototype device will not be investigated. Current study is focused on 
demonstrating how to realize high-precision and minimally invasive microelectrode 





Fig. 6.9 (a) The established system which includes the robotic arm, the computer and 
the controller. (b) User interface of the control system. 
 
Of the six motions of the robotic arm, x, y, z, α, and β are used to adjust robotic arm’s 
gesture, and f is used to control the feed motion of the tool. As discussed in Section 
6.1.2, after target registration, coordinates of the target in brain and the entrance on 
skull will be inputted into the control system. Before burr hole opening or electrode 
insertion operation, the robotic arm should adjust its gesture and align the axis of the 
mounted tool (the ultrasonic tool or the electrode driver) onto the insertion trajectory 





onto the entrance position. After these are finished, burr hole opening or electrode 
insertion operation can be executed. In the following, a mathematical model will be 
developed for gesture adjustment  
6.2  A model for gesture adjustment of the robotic system 
6.2.1  Development of the mathematic model  
Inputs for gesture and position adjustment are the coordinates of the entrance on skull 
and the target in brain, and the aim is to put the axis of the mounted tool onto the 
trajectory defined by entrance and target and to place the tip of the tool onto the 
entrance position.  
As illustrated in Fig. 6.10, E and T are respectively the entrance on skull and the target 
in brain. After target registration, coordinates of E and T defined in the image space 
can be transferred into the global coordinate system OGXGYGZG established with 
reference to the operation table (see Section 6.1.2). Coordinates of E and T defined in 
OGXGYGZG are respectively denoted as E(xE, yE, zE) and T(xT, yT, zT). As shown in Fig. 
6.10, the insertion trajectory ET can be defined by yaw angle α and pitch angle β. α is 
the angle between axis OGXG and the projection of ET on Plane OGXGYG. β is the angle 
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Fig. 6.10 Initial positions for all axes in the robotic arm. OGXGYGZG is the global 
coordinate system, and O1X1Y1Z1 is the local coordinate system for the tool mounted 
onto the robotic arm. The ultrasonic tool is used for illustration purpose. 
 
A local coordinate system O1X1Y1Z1 is established to define the tool mounted onto the 
robotic arm as shown in Fig. 6.10. The ultrasonic tool is mounted onto the robotic arm 
for illustration; situation is the same for the electrode driver. O1 is the intersection 
between the axes of two rotational motions/tables. O2 is the intersection between the 
axis of the tool and the axis of the pitch rotation table; O2 is defined as the “origin” of 
the Feed-axis. A is the tip of the tool (tip of the ultrasonic tool or tip of the 
microelectrode). B is the “Home” position for motion along Feed-axis. The length of 
O1O2, AO2, and BO2 are respectively L1, L2 and fhome.  
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When α and β are zero, the local coordinate system O1X1Y1Z1 is parallel with the global 
coordinate system OGXGYGZG, and the robotic arm would be at the home position as 
shown in Fig. 6.10. The counter-clockwise rotation is defined as positive for α and β. 
When the yaw angle rotates to α, the coordinate system O1X1Y1Z1 would rotate around 
O1Z1 for an angle of α, and O1X1Y1Z1 would be rotated to O1X1’Y1’Z1’ as illustrated in 
Fig. 6.11. Next, when the pitch angle rotates to β, O1X1’Y1’Z1’ would rotate around 
O1Y1’ for an angle of β, and O1X1’Y1’Z1’ would be rotated to O1X1”Y1”Z1”. Thus, the 
axis of the tool can be aligned to be parallel with the insertion trajectory ET by 
adjusting the yaw angle α and the pitch angle β. as shown in Fig. 6.11.  
 
Fig. 6.11 Adjust tool’s gesture onto the planned insertion trajectory by changing the 
yaw angle and the pitch angle. 
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Subsequently, tip of the tool A can be moved onto the entrance position by adjusting 
motions along the X, Y and Z axes as illustrated in Fig. 6.12 . x and y are defined as the 
absolute distance moving toward the positive direction, and z is defined as the absolute 
distance moving in the negative direction. In the constructed robotic arm, “home” 
positions for X, Y and Z axes are respectively defined as xhome, yhome, and zhome, which 
are not at OG of the global coordinate system; a positive value means “home” position 
is at the positive segment of the corresponding axis, and vice versa.  
 
Fig. 6.12 Place tool’s tip A onto the entrance position E. 
 
After the axis of the tool is aligned onto the trajectory ET and tip of the tool A is 
moved onto the entrance E, coordinates of point O2 (xO2, yO2, zO2) can be determined 
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where L2 is the length of AO2. 
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where L1 is the length of O1O2. 
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where xhome≤x≤300, yhome≤y≤130, 0≤z≤210.  
Therefore, once the target in brain and the entrance on skull are determined, gesture 
and position adjustment of the tool mounted onto the robotic arm can be realized by 
adjusting robotic arm’s motions α, β, x, y and z according to Eq. 6.4~Eq. 6.8.  
6.2.2  Case study for gesture adjustment  
In order to verify the effectiveness of the model developed in the last section, 
experiment was carried out in the virtual environment based on the 3D model of the 
system shown in Fig. 6.10. The electrode driver was mounted onto the robotic arm, 
and a container filled with gelatin gel was secured onto the operation table. As 
illustrated in Fig. 6.13(a), entrance and target were selected at two diagonal corners of 
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the gelatin gel, and coordinates for the entrance and the target defined in the global 
coordinate system OGXGYGZG are respectively (198, 193, 70) and (252, 223, 0). The 
unit is mm. According to Eq. 6.4~Eq. 6.8, the calculated x, y, z, α and β are 152.37, 
44.31, 215.37, 29.05 and 48.57 respectively. The unit for x, y and z is mm, the unit for 
α and β is degree.   
 
Fig. 6.13 Verification of the effectiveness of the proposed gesture adjustment model. (a) 
and (b) are respectively gesture adjustment and electrode insertion in the virtual 
environment; (c) and (d) are respectively gesture adjustment and electrode insertion 
using the established system.  
By adjusting the robotic arm according to the calculated x, y, z, α and β, the 300 μm 
microelectrode can be adjusted onto the planned trajectory, and tip of the tool is right 
on the entrance as shown in Fig. 6.13(a).Then the microelectrode can be rotationally 
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inserted into the gelatine. As shown in Fig. 6.13(b), the inserted microelectrode is right 
on the planned trajectory. Thus, the effectiveness of the model developed for gesture 
and position adjustment has been verified. The same experiment was also performed 
using the established system. In Fig. 6.13(c), gesture of the microelectrode had been 
adjusted. Fig. 6.13(d) shows the electrode inserted in the gelatine. It can be seen that 
the electrode was generally in a position parallel with the insertion trajectory. However, 
as revealed from the top view in Fig. 6.13(d), a small position error existed at the 
entrance. This is thought to be caused by the mechanical or motion error of the 
constructed open-loop robotic arm. This kind of error can be reduced by upgrading the 
robotic arm in the future.  
 
Fig. 6.14 The scheme for gesture adjustment. 
 
Table 6.3 Parameters used for gesture adjustment (unit: mm) 
xhome yhome zhome fhome L1 L2 








 300 μm diameter ultrasonic tool; ** 800 μm diameter ultrasonic tool; 
#
 70mm long 300 μm diameter microelectrode 
 
In summary, the gesture adjusting process is summarized in Fig. 6.14. Key parameters 
used for trajectory planning, which were measured in the established system, are 
summarized in Table 6.3. After gesture and position adjustment are finished, the tool 
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will be placed onto the insertion trajectory and tip of the tool would be at the entrance.  
6.3  A novel operation for high-precision and minimally invasive 
microelectrode insertion  
Up to now, key issues on target registration and gesture adjustment have been 
effectively solved and a robotic arm has been developed for numerically controlled 
burr hole opening and electrode insertion. In this section, it is going to demonstrate 
how to perform the novel high-precision and minimally invasive microelectrode 
insertion operation as proposed in Fig. 6.1. 
This novel operation has been performed in the virtual environment of Solidworks. 
Detailed procedures for performing this operation will be presented in this section, and 
main procedures are discussed with supporting images as shown in Fig. 6.15 and Fig. 
6.16. Procedures presented in following are used to demonstrate how to perform the 
novel microelectrode insertion operation. In the clinical theater, these procedures can 
be modified according to the actual situation during surgery.   
(1) Secure the head frame onto patient’s head (Fig. 6.15(a)). 
(2) Perform preoperative imaging to acquire the 3D CT/MRI brain model along with 
the head frame. In this case study, 3D Solidworks model was used as the substitute 
brain/head model.  
(3) Determine the target for stimulation and the entrance on skull based on the 3D 
brain model in the image space (Fig. 6.15(b)). Coordinates of entrance E and target T 
defined in the local coordinate system OfXfYfZf established on the head frame were 
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measured to be (-39.88, 63.44, 121.81) and (9.18, 78.77, 89.62), respectively. 
(4) Secure patient’s head onto the operation table via the head-frame (Fig. 6.15(c)). 
(5) Perform target registration. Coordinates of target T and entrance E described in the 
global coordinate system OGXGYGZG are respectively (223.73, 202.77, 89.62) and 
(174.67, 187.44, 121.81). 
 
Fig. 6.15 Procedures for high-precision and minimally invasive microelectrode 
insertion operation (Part I). (a) Fix the head frame onto patient’s head, (b) determine 
the entrance E on skull and target T in acquire 3D brain image, (c) secure patient’s 
head onto operation table via the head frame, and (d) mount the ultrasonic tool onto the 
robotic arm.  
 
(6) Mount the ultrasonic tool onto the robotic arm (Fig. 6.15(d)). Each axis of the 
robotic arm is set to the home position. 
(7) Adjust the gesture of the ultrasonic tool based on the model developed in 6.2 (Fig. 
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6.16(a)). Calculated (x, y, z, α, β) for the ultrasonic tool are (45.01, 32.63, 180.46, 
17.35, 32.06). The unit for x, y and z is mm, the unit for α and β for is degree. After 
gesture adjustment, the ultrasonic tool is on the planned trajectory, and its tip is at 
entrance E as illustrated in Fig. 6.16(a).  
(8) Form a micro-hole on skull with the assistance of ultrasonic vibration (Fig. 6.16(b)). 
Turn on the ultrasonic device. Feed the tool into skull for a distance of 5.78 mm 
(thickness of skull along the insertion trajectory), and a micro-hole is formed on skull. 
 
Fig. 6.16 Procedures for high-precision and minimally invasive microelectrode 
insertion operation (Part II). (a) Gesture adjustment for the ultrasonic tool, (b) burr 
hole opening, (c) replace the ultrasonic tool with the electrode driver and gesture 
adjustment for the electrode driver, and (d) rotational insertion of the microelectrode 
into brain toward the target through the opened micro-burr hole.  
 
(9) Replace the ultrasonic tool with the electrode driver, and perform gesture 
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adjustment for the electrode driver (Fig. 6.16(c)). Distance between the electrode’s tip 
to the end surface of the micro-chuck is 70 mm, and L2 for the electrode driver is 
147.54 in this example (Table 6.3). Calculated (x, y, z, α, β) for the electrode driver are 
(82.22, 44.25, 204.88, 17.35, 32.06). Align the electrode driver onto the trajectory and 
place its tip onto entrance E as shown in Fig. 6.16(c). 
(10) Deflection-free insertion of the microelectrode toward the target along the 
insertion trajectory using the rotational insertion method (Fig. 6.16(d)). The target 
would be accurately reached by the tip of the electrode.  
A similar experiment was also carried out to demonstrate how to use the established 
system shown in Fig. 6.17(a). Full demonstration of all procedures requires peripheral 
devices such as the MRI equipment and most importantly the approval for experiment 
on primate animals or human corpse which are difficult to have at the moment. Thus, 
only the two key procedures on burr hole opening and microelectrode insertion were 
demonstrated using the constructed system. Since burr hole forming on skull has been 
realized in Chapter 4 and 5, a plastic skull model is used as the phantom skull for 
demonstration purpose. Part of the skull was cut off for observing the electrode 
insertion (Fig. 6.17(a)). Gelatine gel with a mass concentration of 6.0% was filled into 
skull as the phantom brain tissue, similar to that used in Chapter 3. The skull was 
secured onto the operation table.  
Without the brain model acquired from preoperative MRI/CT imaging, entrance on 
skull and the insertion trajectory (defined by gesture angles α and β) were arbitrarily 
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selected for demonstration purpose. After gesture adjustment for the ultrasonic tool 
mounted onto the robotic arm, burr hole opening was performed along the selected 
trajectory as shown in Fig. 6.17(b). After micro-hole opening, the ultrasonic tool was 
retracted and replaced by the microelectrode driver. Gesture adjustment was also 
performed for the electrode driver. Rotational insertion of the 300 μm diameter 
microelectrode into brain tissue through the previously formed micro-hole was 
performed at 50 rpm (Fig. 6.17(c)). Rotational insertion can help realize deflection-free 
insertion of the microelectrode into brain as shown in Fig. 6.17(d). 
 
Fig. 6.17 Demonstration of the burr hole opening and electrode insertion procedures 
using the constructed system. (a) The experimental setup, (b) ultrasonic vibration 
assisted micro-hole opening, (c) and (d) rotational microelectrode insertion into brain 
through the micro-hole formed on skull. 
 
Another important feature of the developed high-precision and minimally invasive 
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microelectrode insertion operation is the real-time display of electrode insertion 
process. As discussed above, due to the deflection-free insertion, the microelectrode 
can be accurately inserted into brain along the planned trajectory. Meanwhile, brain 
shift caused by CSF leakage can be prevented in this minimally invasive operation, 
thus the target will stay at the same position as preoperatively determined as illustrated 
in Fig. 6.18(a). Since the electrode is inserted into brain at a fixed feed rate, electrode’s 
insertion depth into brain can be calculated using Eq. 6.9. 
ins insd v t                                                         (6.9) 
where dins is electrode’s insertion depth into brain, vins is the feed rate of the electrode 
into brain, and t is the insertion time. 
 
Fig. 6.18 Real-time visualization of electrode insertion. (a) Calculation of electrode’s 
insertion depth in brain and (b) illustration of real-time display of electrode insertion.  
 
Therefore, by overlapping the real-timely calculated insertion depth of the 
microelectrode onto the 3D brain model, real-time visualization of the electrode 
insertion in brain can be realized as illustrated in Fig. 6.18(b). If subtle structures in 
brain such as blood veins or capillaries are also presented in the brain model, this 
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real-time visualization method can help doctors monitor the electrode insertion process. 
This real-time visualization method doesn’t require expensive equipment for 
interventional CT or MRI scanning during electrode implantation and has the potential 
to be widely practiced. 
6.4  Discussion 
The novel high-precision and minimally invasive microelectrode insertion operation 
developed in this chapter is the crystallization of the work presented in this thesis. 
Compared with conventional electrode insertion operations, this novel operation is 
based on four core techniques, a novel target registration method, the ultrasonic 
vibration assisted micro-burr hole forming technique, the rotational deflection-free 
microelectrode insertion technique and numerically controlled operation as 
summarized in Fig. 6.1. These techniques can respectively help reduce the target 
registration error, the brain shift error induced by CSF leakage, the error caused by 
electrode deflection, and the errors caused by manual operation. Thus, compared with 
conventional electrode insertion operations, the novel microelectrode insertion 
operation would have a higher targeting accuracy.  
In DBS, stimulation efficacy is directly affected by the targeting accuracy. Misplaced 
electrodes will leave target neurons insufficiently stimulated and have neighboring 
non-target neurons unnecessarily affected. Thus, a high targeting error not only impairs 
the stimulation efficacy but also causes stimulation related side-effects. The greatly 
improved targeting accuracy of the novel electrode insertion operation developed in 
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this thesis will help increase the stimulation efficacy of DBS. 
Meanwhile, the invasiveness of electrode insertion would be greatly reduced in the 
novel operation developed in this thesis due to the following factors. Firstly, a 
microelectrode is directly inserted without the support of a rigid cannula. Tissue 
damage caused by microelectrode insertion would be less than that caused by the 
conventional 1.27 mm diameter electrode inserted with a 2.1 mm diameter cannula [33, 
34]. Secondly, a micro burr hole is generated on skull for electrode insertion. 
Compared with the tissue damage caused by the large burr hole with a diameter of a 
few millimeters or even up to 15 mm [31, 33, 38], tissue trauma resulted from 
micro-burr hole opening is significantly less. Besides, target registration is realized 
without additional bone screws with optical reflective balls in this novel operation. Use 
of these bone screws in conventional operations would cause extra tissue damage. 
Thus, the microelectrode insertion operation developed in this thesis would minimally 
invasive. Traditionally, DBS operation is conceived as dangerous by patients, which is 
a main cause for the low acceptance rate of DBS. As revealed from a study, only about 
10% candidate patients expressed the wish of only “considering” this treatment [32]. 
Many patients with refractory brain disorders like PD are left un-effectively treated, 
causing significant economic burden to the society. 
The high targeting accuracy and minimally invasive operation developed in this 
chapter can help change patients’ attitude toward the DBS operation. A higher targeting 
accuracy helps improve the stimulation efficacy; a minimally invasive operation helps 
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make the DBS treatment safer. A safer DBS of higher efficacy will make this treatment 
better accepted by patients.   
6.5  Summary 
In this chapter, a novel high-precision and minimally invasive microelectrode insertion 
operation has been developed based on a constructed numerically control system. Main 
findings from this chapter are summarized in the following. 
(1) A numerically controlled system for high-precision and minimally invasive 
microelectrode insertion has been developed based on a novel target registration 
method, the ultrasonic vibration assisted micro-hole forming technique, the rotational 
deflection-free insertion method and the numerical control technique.  
(2) A novel method has been developed for accurate and convenient target registration 
between the virtual brain in the image space and the real brain in the physical space. 
This method is realized by a specially designed head frame. 
(3) A model has been developed for gesture adjustment of the tool mounted onto the 
robotic arm. Based on the coordinates of target and entrance, the tool can be aligned 
onto the planned trajectory, and tip of the tool can be moved onto the entrance.  
(4) A novel operation for high-precision and minimally invasive microelectrode 
insertion has been developed, and detail procedures for performing this operation are 
also provided in this chapter. Compared with conventional DBS electrode implantation 
operations, this novel is minimally invasive and has higher targeting accuracy. This 
operation also enables accurate and convenient real-time display of electrode insertion.   
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Chapter 7. Conclusions and Recommendations 
7.1  Conclusions 
In this thesis, a pioneering operation for high-precision and minimally invasive 
insertion of a microelectrode deep into brain for stimulation has been successively 
developed. This operation is developed based on two pioneering techniques, the 
rotational deflection-free insertion technique and the ultrasonic vibration assisted 
micro-hole forming technique. Compared with conventional DBS electrode insertion 
operations, the novel operation developed in this thesis has higher targeting accuracy 
and is minimally invasive. This novel operation has the potential of transforming the 
landscape of conventional DBS operations. In summary, main contributions of the 
research presented in this thesis are listed as follows. 
(1) A novel method for deflection-free insertion of a microelectrode deep into brain has 
been developed in this thesis. Core idea of the rotational insertion is to insert a 
conically tipped microelectrode into brain by controlling the rotational speed. In 
rotational insertion, a dynamic tissue reaction would be generated in the case of a 
minor buckling. The net effect of this force is to suppress or prevent buckling. 
Moreover, this force becomes larger with the increase of the rotational speed. At a 
large enough rotational speed, a microelectrode can be inserted deep into brain through 
a layer of tough tissue without deflection. Rotation’s effect has been analysis based on 
a mechanics based model. Effectiveness of the rotational deflection-free insertion has 
been verified via insertion experiment on brain tissue phantom. With this novel 
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rotational insertion method, a microelectrode can be directly inserted into brain. 
Without the support of a rigid cannula, tissue damage caused by microelectrode 
insertion would be greatly reduced. Meanwhile, targeting accuracy of the electrode 
implantation can be greatly improved due to the deflection-free insertion, which in turn 
can help improve the stimulation efficacy of DBS. 
(2) This study developed a pioneering technique for ultrasonic vibration assisted 
micro-hole forming on skull. Micro-hole generation on skull is very challenging and is 
hard to realize by conventional drilling or grinding techniques. In this study, a 
pioneering technique for ultrasonic vibration assisted micro-hole forming on skull has 
been developed. This technique enables generation of a micro-hole on skull without 
CSF leakage. According to literature study, this is the first time micro-hole forming on 
skull has been realized. The benefits of this technique are multiple. Firstly, micro-hole 
generation on skull for electrode insertion can significantly reduce the tissue damage 
incurred by burr hole opening. Secondly, targeting accuracy of electrode implantation 
can be improved by this micro-hole forming technique. Adoption of this novel 
technique can help minimize the brain shift error by preventing CSF leakage. 
Minimizing the brain shift error is beneficial for improving the targeting accuracy of 
electrode implantation.  
(3) A novel operation for high-precision and minimally invasive microelectrode 
insertion has been developed in this thesis. This novel operation is based on four core 
techniques, a novel target registration method, the pioneering ultrasonic vibration 
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assisted micro-hole forming technique, the rotational deflection-free insertion method 
and the numerical control technique. The first three techniques are specially developed 
for this novel electrode insertion operation. Besides, a numerically controlled system 
has been developed and detailed procedures for performing this novel operation with 
the assistance of this system are explained. Compared with conventional DBS 
electrode insertion operations, the novel operation developed in this thesis is minimally 
invasive and has higher targeting accuracy. A minimally invasive operation can make 
the DBS treatment safer; higher targeting accuracy would have target neurons 
accurately and sufficiently stimulated, leading to better efficacy.  
Therefore, the two main problems with conventional DBS operation, the invasiveness 
and the low targeting accuracy, have been effectively solved by the novel 
methods/techniques developed in this thesis. The work carried out in this thesis would 
have a significant impact on the DBS treatment by providing a high-precision and 
minimally invasive microelectrode insertion method. This method would transform the 
conventional DBS into a safer treatment of higher efficacy. A safer and effective DBS 
will be better accepted by patients, which in turn can help deal with the enormous 
economic burden caused by refractory neurodegenerative/neuropsychiatric brain 
disorders in the coming aged society.   
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7.2  Recommendations for future work 
This thesis has laid the technical foundation for a high-precision and minimally 
invasive electrode insertion operation. A few new techniques have been developed in 
this thesis, and their effectiveness has been verified via animal or phantom experiment. 
In the following, a number of limitations for the work carried out in this thesis will be 
discussed. Recommendations for future investigation will be presented. 
Firstly, the rotational deflection-free insertion method was verified through insertion 
experiment on homogeneous phantom brain tissue. In reality, the brain tissue is 
inhomogeneous, which may affect the performance of the proposed rotational insertion 
method. This should be investigated in the future via experiment on brain tissue. Since 
the brain tissue is not transparent, suitable devices such as a micro-precision CT 
system are desired to measure microelectrode’s deflection or buckling in brain tissue. 
Besides, in rotational insertion, rotation introduces an additional torsional friction force 
around the microelectrode. The magnitude of tissue damage incurred by this torsional 
friction is still not clear. This kind of tissue damage should be investigated via in vivo 
experiment on animal in the future.  
Secondly, in the ultrasonic vibration assisted micro-hole forming process, heat may 
generate due to the high intensity tool-bone interaction, and over-heating would lead to 
bone necrosis. In the in vitro experiment carried in this study, the bone sample was in a 
thermal environment different from the skull bone in vivo. Thus, thermal effect of this 
technique should be studied via experiment on live animals. Another issue needs 
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further investigation is that although the ultrasonic device used in this study is capable 
of micro-hole forming, material of the tool which is in direct contact with bone tissue 
should be optimized to meet the bio-safety requirements issued by Food and Drug 
Administration. Besides, design of the ultrasonic device should also be optimized for 
convenient sterilization. This would be another important area for future study.  
Investigating the insertion accuracy of the novel insertion operation developed in this 
thesis is also desired. Due to the limited fund, the prototype robotic arm established in 
this thesis is open-loop. It is not appropriate to investigate the insertion accuracy of the 
microelectrode insertion operation developed in this thesis using this open-loop system 
of low mechanical accuracy. Upgrading the system into a close-loop system of 
high-precision components is desired in the future in order to compare insertion 
accuracy of the electrode insertion operation developed in this thesis with the reported 
data on targeting accuracy of conventional DBS electrode insertion operations. Besides, 
the high-precision and minimally invasive microelectrode insertion operation 
developed in this thesis should be further investigate via experiment on primate 
animals whose skull/brain size is similar to that of human. Due to the regulation and 
ethical issues on in vivo animal experiment, great efforts are needed in order to get the 
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